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ABSTRACT
Steel reinforcement in reinforced concrete structures is vulnerable to corrosion,
especially in marine structures or structures located in aggressive areas or moist
environments. The corrosion of the steel reinforcement causes huge maintenance cost
and in some situations leads to severe damages in the concrete structures.

Fibre Reinforced-Polymer (FRP) bars have several advantageous properties, including,
light weight, high tensile strength, and electromagnetic neutrality, in addition to the
corrosion resistance. The FRP bars became ideal replacements for the conventional steel
bars in reinforcing concrete structures that require such characteristics. However, FRP
bars are not recommended to reinforce concrete columns. This is because of the
anisotropic and nonhomogeneous nature of the FRP bars, which lead to micro-buckling
in the internal fibres of the FRP bars when subjected to axial compression.

The majority of the previous research studies on FRP bar reinforced concrete columns
are limited to columns constructed with normal strength concrete (NSC). Although high
strength concrete (HSC) columns offer several advantages over NSC columns such as
enhanced durability and considerable cost saving resulting from the reduction of
member size, only a few research studies investigated the behaviour of FRP bar
reinforced HSC columns. The observations obtained from the studies on FRP bar
reinforced NSC columns might not be applicable for FRP bar reinforced HSC columns
since the behaviour of HSC columns is fundamentally different from the behaviour of
NSC columns. Given the lack of experimental research studies on HSC columns
reinforced with FRP bars, this study aims to investigate the structural behaviour of
Glass-FRP (GFRP) bar reinforced circular HSC columns under concentric and eccentric
axial loads and under four-point bending.

The other focus of this study is to investigate the structural behaviour of GFRP bar
reinforced steel fibre high strength concrete (SFHSC) columns. The main objective of
using steel fibres is to overcome the lack of ductility that might be experienced by the
GFRP bar reinforced HSC columns since both HSC and GFRP bars are brittle materials
compared to NSC and steel bars, respectively.
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In this study, a total of 20 circular steel and GFRP bar reinforced HSC and SFHSC
column specimens were experimentally tested. The column specimens were 210 mm in
diameter and 800 mm in height. Critical assessment on the effect of the concrete
compressive strength, loading conditions (concentric and eccentric axial loads and fourpoint bending), type of reinforcement (steel and GFRP), the GFRP transverse
reinforcement ratio and the inclusion of steel fibres on the performance of GFRP bar
reinforced HSC columns was made. In addition, analytical approaches were developed
to predict and to examine the axial load-bending moment (𝑃 − 𝑀) interaction diagrams
and the moment-curvature (𝑀 − ∅) relationships of the GFRP bar reinforced HSC and
SFHSC column specimens. Reasonable correlations between the experimental and the
analytical results were obtained.

The experimental and the analytical results reveal that GFRP bars can be used as
longitudinal reinforcements to enhance the performance of concrete columns under
axial and flexural loads. In addition, neglecting the contribution of the longitudinal
GFRP bars may lead to overly conservative estimations for the maximum axial load
carrying capacity of GFRP bar reinforced concrete columns. Finally, the ductility and
post-peak axial load-axial deformation behaviour of the GFRP bar reinforced HSC
specimens can be significantly improved by adding steel fibres and using closely spaced
GFRP helices.

x

`

TABLE OF CONTENTS
THESIS DECLARATION ...............................................................................................iii
AKNOWLEDGMENTS .................................................................................................. iv
LIST OF PUBLICATIONS .............................................................................................. v
PRIZES AND AWARDS ............................................................................................... vii
ABSTRACT ..................................................................................................................... ix
TABLE OF CONTENTS ................................................................................................. xi
LIST OF FIGURES ......................................................................................................xvii
LIST OF TABLES .......................................................................................................xxiii
ABBREVIATIONS ...................................................................................................... xxv
1.

Chapter One: Introduction ......................................................................................... 1
1.1 General background ................................................................................................ 1
1.2 Fibre-Reinforced Polymer (FRP) bars .................................................................... 2
1.3 Problem statement ................................................................................................... 3
1.4 Research objectives ................................................................................................. 3
1.5 Methodology ........................................................................................................... 4
1.6 Layout of the thesis ................................................................................................. 5
References ..................................................................................................................... 7

2.

Chapter Two: A New Method for Direct Tensile Testing of Concrete ................... 11
Preamble ...................................................................................................................... 12
2.1 Abstract ................................................................................................................. 13
2.2 Introduction ........................................................................................................... 13
2.3 Description of the developed direct tensile testing method................................... 15
2.3.1 Formwork and embedded threaded rod .......................................................... 15
2.3.2 Universal Joints............................................................................................... 17
2.3.3 Strain rate and strain measurement ................................................................. 20
2.3.4 Specimen preparation and testing Setup ......................................................... 21
2.4 Results and discussion ........................................................................................... 24
2.4.1 Failure modes .................................................................................................. 24
2.4.2 Stress-strain behaviour of tested specimens ................................................... 25
2.4.3 Comparison of the test results ......................................................................... 28
2.5 Conclusions ........................................................................................................... 30
xi

`

References ................................................................................................................... 32
3.

Chapter Three: Experimental Investigation of Circular High Strength Concrete

Columns Reinforced with Glass Fiber-Reinforced Polymer Bars and Helices under
Different Loading Conditions ......................................................................................... 36
Preamble ...................................................................................................................... 37
3.1 Abstract ................................................................................................................. 38
3.2 Introduction ........................................................................................................... 38
3.3 Research objectives ............................................................................................... 41
3.4 Experimental program ........................................................................................... 41
3.4.1 Material properties .......................................................................................... 44
3.4.2 Specimen fabrication and testing procedure ................................................... 45
3.5 Experimental results .............................................................................................. 48
3.5.1 Failure modes .................................................................................................. 48
3.5.2 Behaviour of specimens under concentric axial loads .................................... 50
3.5.3 Behaviour of specimens under eccentric axial loads ...................................... 55
3.5.3 Behaviour of specimens under four-point loading ......................................... 59
3.6 Interaction diagrams .............................................................................................. 61
3.7 Conclusions ........................................................................................................... 68
References ................................................................................................................... 70
4.

Chapter Four: Axial and Flexural Response of GFRP Bar Reinforced Circular NSC

and HSC Columns ........................................................................................................... 74
Preamble ...................................................................................................................... 75
4.1 Abstract ................................................................................................................. 76
4.2 Introduction ........................................................................................................... 76
4.3 Research significance ............................................................................................ 78
4.4 Experimental program ........................................................................................... 79
4.5 Material properties ................................................................................................ 79
4.5.1 Concrete .......................................................................................................... 79
4.5.2 Steel reinforcement ......................................................................................... 81
4.5.3 GFRP reinforcement ....................................................................................... 81
4.6 Text matrix and test setup ..................................................................................... 82
4.7 Experimental results and discussion...................................................................... 86
4.7.1 Behaviour of specimens tested under concentric axial loads ......................... 86
xii

`

4.7.2: Behaviour of specimens tested under eccentric axial loads........................... 89
4.7.3 Behaviour of the specimens tested under four-point bending ........................ 94
4.8 Axial load-bending moment interaction diagrams ................................................ 95
4.9 Conclusions ......................................................................................................... 101
References ................................................................................................................. 103
5.

Chapter Five: Performance Evaluation of High Strength Concrete and Steel Fibre

High Strength Concrete Columns Reinforced with GFRP Bars and Helices ............... 107
Preamble .................................................................................................................... 108
5.1 Abstract ............................................................................................................... 109
5.2 Introduction ......................................................................................................... 109
5.3 Experimental program ......................................................................................... 111
5.3.1 Specimens design and preparation ................................................................ 111
5.3.2 Fabrication and instrumentation of the tested specimens ............................. 113
5.3.3 Materials ....................................................................................................... 115
5.3.4 Test setup ...................................................................................................... 116
5.4: Experimental results ........................................................................................... 119
5.4.1: General observations ................................................................................... 119
5.4.2 Failure modes of the tested specimens ......................................................... 121
5.4.3 Behaviour of concentrically loaded specimens ............................................ 126
5.4.4 Behaviour of eccentrically loaded specimens ............................................... 128
5.4.5 Behaviour of specimens tested under four-point loading ............................. 133
5.5 Axial load-bending moment interaction diagrams .............................................. 135
5.6 Conclusions ......................................................................................................... 139
References ................................................................................................................. 141
6.

Chapter Six: Maximum Axial Load Carrying Capacity of Fibre Reinforced-

Polymer (FRP) Bar Reinforced Concrete Columns under Axial Compression ............ 145
Preamble .................................................................................................................... 146
6.1 Abstract ............................................................................................................... 147
6.2 Introduction ......................................................................................................... 147
6.3 Conceptual assumptions ...................................................................................... 149
6.4 Maximum axial load carrying capacity ............................................................... 149
6.4.1 Steel bar reinforced concrete columns .......................................................... 149
6.4.2 FRP bar reinforced concrete columns ........................................................... 150
xiii

`

6.5 Critical assessment of the proposed equations .................................................... 153
6.6 Conclusions ......................................................................................................... 163
References ................................................................................................................. 164
7.

Chapter Seven: Analytical Investigation on the Load-Moment Characteristics of

GFRP Bar Reinforced Circular Concrete Columns ...................................................... 167
Preamble .................................................................................................................... 168
7.1 Abstract ............................................................................................................... 169
7.2 Introduction ......................................................................................................... 169
7.3 Analytical Considerations ................................................................................... 171
7.3.1 Equivalent rectangular stress block (ERSB) method .................................... 173
7.3.2 Layer-by-layer integration method ............................................................... 176
7.3.2.1 Compressive force of concrete ............................................................... 176
7.3.2.2 Tension and compression forces in reinforcement ................................ 178
7.3.2.3 Compressive force of concrete replaced by GFRP longitudinal
reinforcement ..................................................................................................... 179
7.4 Experimental Benchmark .................................................................................... 180
7.5 Parametric study .................................................................................................. 182
7.5.1 Effect of GFRP longitudinal bars in the compression zone of the columns . 183
7.5.2 Effect of the GFRP longitudinal reinforcement ratio ................................... 186
7.5.3 Effect of the mechanical properties of GFRP longitudinal bars ................... 189
7.5.4 Effect of the concrete compressive strength ................................................. 192
7.5.5 Effect of the column slenderness .................................................................. 194
7.6 Conclusions ......................................................................................................... 199
References ................................................................................................................. 201
8.

Chapter Eight: Moment-Curvature Behaviour of GFRP Bar Reinforced NSC and

HSC Columns ............................................................................................................... 205
Preamble .................................................................................................................... 206
8.1 Abstract ............................................................................................................... 207
8.2 Introduction ......................................................................................................... 207
8.3 Research significance .......................................................................................... 209
8.4 Material stress-strain behaviour .......................................................................... 209
8.4.1 Concrete cover .............................................................................................. 210
8.4.2 Concrete core ................................................................................................ 211
xiv

`

8.4.3 GFRP longitudinal bars ................................................................................ 212
8.5 Moment-curvature behaviour .............................................................................. 213
8.5.1 Analytical considerations .............................................................................. 213
8.5.2 Development of moment-curvature behaviour ............................................. 219
8.6 Experimental verification .................................................................................... 220
8.7 Parametric Study ................................................................................................. 224
8.7.1 Effect of concrete compressive strength on the moment-curvature behaviour
............................................................................................................................... 226
8.7.2 Effect of longitudinal reinforcement ratio on the moment-curvature behaviour
............................................................................................................................... 227
8.7.3 Effect of confinement ratio on the moment-curvature behaviour................. 229
8.8 Summary and conclusions ................................................................................... 231
References ................................................................................................................. 233
9.

Chapter Nine: Summary, Conclusions and Recommendations for Future Research

Studies ........................................................................................................................... 236
9.1 Summary ............................................................................................................. 236
9.2 Conclusions ......................................................................................................... 237
9.3 Recommendations for future research studies ..................................................... 240
References ................................................................................................................. 241
Appendix: Direct Tensile Testing of Self-Compacting Concrete ................................. 242

xv

`

xvi

`

LIST OF FIGURES
Fig. 2.1: Wooden mould and embedded threaded steel rod ............................................ 16
Fig. 2.2: Completed formwork with the embedded threaded steel rods of the tested
specimens ........................................................................................................................ 17
Fig. 2.3: Schematic of the universal joint ....................................................................... 18
Fig. 2.4: Universal joint designed for direct tensile testing of all specimens ................. 19
Fig. 2.5: Schematic setup of the tested specimen............................................................ 21
Fig. 2.6: Typical test setup for direct tensile testing of concrete .................................... 24
Fig. 2.7: Failure modes of the tested specimens: (a) NSC, (b) HSC, (c) SCC, and (d)
SFHSC ............................................................................................................................ 25
Fig. 2.8: Elastic phase of the stress-strain behaviour of the SCC specimen (S1) ........... 26
Fig. 2.9: Uniaxial tensile stress-strain behaviour: (a) NSC, (b) HSC, (c) SCC, and (d)
SFHSC ............................................................................................................................ 27
Fig. 3.1: Dimensions and reinforcement details of the tested specimens ....................... 43
Fig. 3.2: Specimen Fabrication: (a) PVC molds and the wooden formwork; (b) steel and
GFRP cages and (c) GFRP and steel cages inside the PVC molds ................................. 45
Fig. 3.3: Testing of the specimens: (a) test setup of column specimens; (b) loading head
setup for concentrically loaded column specimens; (c) loading head setup for column
specimens tested under 25 mm eccentric axial load; (d) loading head setup for column
specimens tested under 50 mm eccentric axial load and (e) test setup of the beam
specimens. ....................................................................................................................... 47
Fig. 3.4: Failure of column specimens: (a) buckling of the longitudinal steel bars and
rupture of the steel helix; (b) buckling and rupture of longitudinal GFRP bars and (c)
rupture of the GFRP helix ............................................................................................... 49
Fig. 3.5: Failure modes of the beam specimens .............................................................. 50
Fig. 3.6: Axial load-axial deformation behavior of the concentrically loaded specimens
......................................................................................................................................... 52
Fig. 3.7: Specimen G60E0 at different loading stages: (a) at the beginning of the test;
(b) after the first peak load; (c) spalling of the concrete cover and (d) after failure ....... 53
Fig. 3.8: Axial load-axial deformation and axial load-lateral deformation behavior of the
specimens tested under: (a) 25 mm eccentric axial load and (b) 50 mm eccentric axial
load .................................................................................................................................. 56
xvii

`

Fig. 3.9: Load-midspan deflection behavior of the specimens tested under four-point
loading ............................................................................................................................. 61
Fig. 3.10: Experimental axial load-bending moment (𝑃– 𝑀) interaction diagrams........ 63
Fig. 3.11: Stress-strain distribution for (𝑃– 𝑀) interactions of GFRP-HSC cross-section
using layer-by-layer integration ...................................................................................... 65
Fig. 3.12: Experimental and analytical axial load-bending moment (𝑃– 𝑀) interaction
diagrams for: (a) Group S60; (b) Group G60 and (c) Group G30 .................................. 67
Fig. 4.1: Dimensions and reinforcement details of the tested specimens ....................... 83
Fig. 4.2: Testing setup: (a) specimen under axial compression and (b) specimen under
four-point bending........................................................................................................... 85
Fig. 4.3: Axial load-axial deformation behavior of the concentrically loaded NSC and
HSC specimens ............................................................................................................... 87
Fig. 4.4: Axial load-axial deformation and axial load-lateral deformation behaviour of
the NSC and HSC specimens under: (a) 25 mm eccentric axial load and (b) 50 mm
eccentric axial load. ......................................................................................................... 90
Fig. 4.5: The effect of the compressive strength of concrete on the ductility of GFRP bar
reinforced NSC and HSC specimens .............................................................................. 93
Fig. 4.6: Load-midspan deflection behaviour of the NSC and HSC specimens under
four-point bending........................................................................................................... 94
Fig. 4.7: Experimental axial load-bending moment (𝑃–𝑀) interactions of: (a) Groups
NS60 and HS60; (b) Groups NG60 and HG60 and (c) Groups NG30 and HG30 ......... 97
Fig. 4.8: Experimental and analytical axial load-bending moment (𝑃– 𝑀) interactions
of: (a) Group NS60; (b) Group HS60; (c) Group NG60; (b) Group HG60; (c) Group
NG30 and (f) Group HG30 ........................................................................................... 100
Fig. 5.1: Geometry and reinforcement details of the tested specimens ........................ 113
Fig. 5.2: Fabrication of the tested specimens: (a) Alignment of the longitudinal bars; (b)
assembling of the reinforcement cages; (c) completed reinforcement cages and (d)
completed formwork of the specimens. ........................................................................ 114
Fig. 5.3: Specimen test setup: (a) testing of the column specimens and (b) testing of the
beam specimens ............................................................................................................ 118
Fig. 5.4: Typical test setup of: (a) column specimen and (b) beam specimen .............. 119
Fig. 5.5: General behaviour and ductility calculations of the tested specimens ........... 120
Fig. 5.6: Failure Modes of the column specimens ........................................................ 122
xviii

`

Fig. 5.7: Close-up view of the buckling of the steel and GFRP longitudinal bars and the
rupture of the steel and GFRP helices ........................................................................... 124
Fig. 5.8: Close-up view of the crashed region of the beam specimens ......................... 125
Fig. 5.9: Axial load-axial deformation behaviour of the specimens tested under
concentric axial load ..................................................................................................... 127
Fig. 5.10: Axial load-axial deformation and axial load-lateral deformation behaviour of
the specimens tested under: (a) 25 mm eccentric axial load and (b) 50 mm eccentric
axial load ....................................................................................................................... 129
Fig. 5.11: Load-midspan deflection behaviour of the specimens tested under four-point
loading ........................................................................................................................... 134
Fig. 5.12: Experimental axial load-bending moment (𝑃– 𝑀) interaction diagrams ..... 137
Fig. 5.13: Comparison of the experimental and analytical axial load-bending moment
(𝑃– 𝑀) interaction diagrams: (a) Group S60; (b) Group G60; (c) Group G60F and (d)
Group G30F .................................................................................................................. 138
Fig. 6.1: Experimental versus predicted axial load carrying capacity of FRP bar
reinforced concreter columns obtained using: a) Eq. 6.6 (𝛼𝑓 = 0.35); b) Eq. 6.8 (𝜀𝑐𝑜 =
0.003); c) Eq. 6.8 (𝜀𝑐𝑜 = 0.0035) and d) Eq. 6.8 (𝜀𝑐𝑜 = 0.005(𝑓𝑐′ )0.4). ......................... 161
Fig. 6.2: The relationship between 𝑃𝑜 /𝑃𝑒𝑥𝑝. of the FRP bar reinforced concrete column
and the compressive strength of the concrete 𝑓𝑐′ . Note: 𝑃𝑜 were obtained using: a) Eq.
6.6 (𝛼𝑓 = 0.35); b) Eq. 6.8 (𝜀𝑐𝑜 = 0.003); c) Eq. 6.8 (𝜀𝑐𝑜 = 0.0035) and d) Eq. 6.8 (𝜀𝑐𝑜
= 0.005(𝑓𝑐′ )0.4). ............................................................................................................. 162
Fig. 7.1: Schematic of the analytical axial load-bending moment interaction diagram 172
Fig. 7.2: Strain and stress profiles of GFRP bar reinforced concrete column: (a)
Equivalent rectangular stress block method and (b) Layer-by layer integration method
....................................................................................................................................... 174
Fig. 7.3: Experimental versus analytical (𝑃– 𝑀) interaction diagrams: a) GFRP bar
reinforced NSC column specimens and b) GFRP bar reinforced HSC column specimens
....................................................................................................................................... 181
Fig. 7.4: Effect of GFRP longitudinal bar in compression zone of GFRP bar reinforced
concrete columns: (a) NSC columns and (b) HSC columns ......................................... 185
Fig. 7.5: Effect of GFRP longitudinal reinforcement ratio on the (𝑃∗ − 𝑀∗ ) interaction
diagrams of GFRP bar reinforced concrete columns: (a) NSC columns and (b) HSC
columns ......................................................................................................................... 187
xix

`

Fig. 7.6: The effect of increasing GFRP longitudinal reinforcement ratio 𝜌𝑓 on the
relationship between the 𝑒/ℎ ratio and the increase in the nominal axial load carrying
capacity of GFRP bar reinforced concrete columns: (a) NSC columns and (b) HSC
columns ......................................................................................................................... 188
Fig. 7.7: Effect of the mechanical properties of GFRP longitudinal bars on the (𝑃∗ −
𝑀∗ ) interaction diagrams of GFRP bar reinforced concrete columns: (a) NSC columns
and (b) HSC columns .................................................................................................... 190
Fig. 7.8: The relationship between the 𝑒/ℎ ratio and the increase in the nominal axial
load carrying capacity of GFRP bar reinforced NSC and HSC columns due to increasing
modulus of elasticity 𝐸𝑓 of the longitudinal GFRP bars ............................................... 191
Fig. 7.9: Effect of the concrete compressive strength on the (𝑃∗ − 𝑀∗ ) interaction
diagrams of GFRP bar reinforced concrete columns .................................................... 193
Fig. 7.10: The relationship between the 𝑒/ℎ ratio and the increase in the nominal axial
load carrying capacity of GFRP bar reinforced concrete columns due to increasing
concrete compressive strength, 𝑓𝑐′ ................................................................................. 194
Fig. 7.11: Schematic of a typical eccentrically loaded, pin ended reinforced concrete
column ........................................................................................................................... 195
Fig. 7.12: Typical (𝑃– 𝑀) interaction diagrams for GFRP bar reinforced short and
slender concrete columns .............................................................................................. 196
Fig. 7.13: Effect of slenderness ratio 𝑘𝑙/𝑟 on (𝑃∗ − 𝑀∗ ) interaction diagrams of GFRP
bar reinforced concrete columns: (a) NSC columns and (b) HSC columns ................. 198
Fig. 8.1: Main components of GFRP bar reinforced concrete columns ....................... 209
Fig. 8.2: Stress-strain profile of GFRP bar reinforced concrete column cross-section 216
Fig. 8.3: Typical single curvature deformation of a pin-ended concrete column ......... 218
Fig. 8.4: Flowchart of developed analytical model for the moment-curvature behavior of
GFRP bar reinforced concrete columns ........................................................................ 220
Fig. 8.5: Comparison between experimental and analytical moment-curvature behavior
of GFRP bar reinforced NSC and HSC column specimens (Note: 1 mm =0.039 in. and 1
kN.m = 8.85 kip.in.) ...................................................................................................... 223
Fig. 8.6: Definition of yield curvature: (a) for columns with a definite peak bending
moment and (b) for columns with no definite peak bending moment .......................... 225

xx

`

Fig. 8.7: Effect of concrete compressive strength on the moment-curvature behavior of
GFRP bar reinforced concrete columns (Note: 1 mm =0.039 in. and 1 kN.m = 8.85
kip.in.) ........................................................................................................................... 226
Fig. 8.8: Effect of GFRP longitudinal reinforcement ratio on the moment-curvature
behavior of GFRP bar reinforced: (a) 40 MPa concrete columns and (b) 80 MPa
concrete columns (Note: 1 mm = 0.039 in. and 1 kN.m = 8.85 kip.in.) ....................... 228
Fig. 8.9: Effect of GFRP confinement ratio on the moment-curvature behavior of GFRP
bar reinforced NSC and HSC columns (Note: 1 mm =0.039 in. and 1kN.m = 8.85
kip.in.) ........................................................................................................................... 230

xxi

`

xxii

`

LIST OF TABLES
Table 2.1: Mix proportions of the concrete used in this study ........................................ 22
Table 2.2: Test results for NSC, HSC, SCC and SFHSC specimens .............................. 29
Table 3.1: Test matrix ..................................................................................................... 42
Table 3.2: Mechanical properties of GFRP and steel bars .............................................. 44
Table 3.3: Test results of specimens tested under concentric and eccentric axial load .. 51
Table 3.4: Test results of specimens tested under four-point loading............................. 60
Table 4.1: Test matrix ..................................................................................................... 80
Table 4.2: Mechanical properties of steel reinforcing bars ............................................. 81
Table 4.3: Mechanical properties of GFRP reinforcing bars .......................................... 82
Table 4.4: Experimental results of the concentrically loaded specimens ....................... 89
Table 4.5: Experimental results of the eccentrically loaded specimens.......................... 92
Table 4.6: Experimental results of the specimens tested under four-point bending ....... 95
Table 5.1: Test matrix ................................................................................................... 112
Table 5.2: Mix proportions of the high strength concrete (HSC) [19].......................... 115
Table 5.3: Mechanical properties of the steel bars ........................................................ 115
Table 5.4: Mechanical properties of the GFRP bars ..................................................... 116
Table 5.5: Experimental results of the specimens tested under concentric axial load .. 128
Table 5.6: Experimental results of the specimens tested under eccentric axial load .... 132
Table 5.7: Experimental results of the specimens tested under four-point loading ...... 135
Table 6.1: Experimental data of FRP bar reinforced concrete columns taken from
available previous research studies. .............................................................................. 154
Table 6.2: Comparison between the experimental and theoretical axial load carrying
capacity of FRP bar reinforced concrete columns available in the previous research
studies............................................................................................................................ 157
Table 8.1: Details of GFRP bar reinforced NSC and HSC column specimens ............ 222

xxiii

`

xxiv

`

ABBREVIATIONS
𝐴𝑐

=

area of the concrete in the compression region of the column specimen
cross-section

𝐴𝑓𝑖

=

area of the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement

𝐴𝑔

=

gross area (the area of the reinforced concrete core plus the area of
concrete cover) of the column specimen

𝛽1

=

parameter defines the height of the equivalent rectangular stress block
(ERSB)

𝑏𝑠𝑖

=

width of each concrete strip

𝑐

=

neutral axis depth

𝐶𝑐

=

concrete compression force in the compression region of the column
specimen cross-section

𝐶𝑐𝑖

=

concrete compression force in each individual concrete strip located in
the compression zone of the column specimen cross-section

𝐶𝑐𝑓𝑖

=

concrete compression force of the concrete area displaced by the 𝑖 𝑡ℎ
layer of GFRP longitudinal reinforcement

𝑑𝑐𝑖

=

distance between the mid-height of the 𝑖 𝑡ℎ concrete strip to the extreme
concrete compression fibre that has the ultimate concrete compressive
strain 𝜀𝑐𝑢

𝑑𝑓𝑖

=

distance between the

extreme concrete compression fibre of the

column cross-section to the centre of the 𝑖 𝑡ℎ layer of GFRP
longitudinal reinforcement
𝑒

=

eccentricity of the applied axial load

𝐸𝑐

=

elastic modulus of the concrete

𝐸𝑓

=

tensile elastic modulus of FRP bars

𝑓𝑐

=

concrete axial stress

𝑓𝑐′

=

compressive strength of concrete obtained from testing concrete
cylinders at age of 28 days

𝑓𝑐𝑖

=

concrete stress in each concrete strip

𝑓𝑐𝑓𝑖

=

concrete axial stress in the concrete area displaced by 𝑖 𝑡ℎ layer of
GFRP longitudinal reinforcement

′
𝑓𝑐𝑜

=

unconfined concrete strength
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𝐹𝑓𝑖

=

force in the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement

𝑓𝑓𝑖

=

stress in the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement

𝑓𝑓𝑢

=

ultimate tensile strength of FRP bars

ℎ

=

diameter of the column specimen

𝑘𝑙

=

the effective length of the column specimen

𝑚

=

number of GFRP longitudinal bars

𝑀

=

bending moment

𝑀𝑐𝑖

=

bending moment of each individual concrete strip

𝑀𝑐𝑓𝑖

=

bending moment for the concrete area displaced by the 𝑖 𝑡ℎ layer of
GFRP longitudinal reinforcement

𝑃

=

axial load

∆𝑃𝑛, 𝐶𝐶𝑆

=

the increase in the axial load carrying capacity of GFRP bar reinforced
concrete columns due to increasing the concrete compressive strength

𝑃𝑛,𝐶𝐶𝑆30

=

the axial load carrying capacity of GFRP bar reinforced 30 MPa
concrete columns

𝑃𝑛,𝐶𝐶𝑆𝑖

=

axial load carrying capacity of GFRP bar reinforced concrete columns
with concrete compressive strength of 40, 50, 60, 70 or 80 MPa

∆𝑃𝑛,

𝑀𝑃𝐿𝑅

=

the increase in the axial load carrying capacity of GFRP bar reinforced
concrete columns due to increasing tensile elastic modules of FRP bars

𝑃𝐻𝑉

=

axial load carrying capacity of concrete columns reinforced
longitudinally with GFRP bars having tensile elastic modules of 70
GPa

𝑃𝑛,𝐿𝑉

=

axial load carrying capacity of concrete columns reinforced
longitudinally with GFRP bars having tensile elastic modules of 35
GPa

∆𝑃𝑛,

𝐿𝑅𝑅

=

the increase in the axial load carrying capacity of GFRP bar reinforced
concrete

columns

due

to

increasing

the

GFRP

longitudinal

reinforcement
𝑃𝑛,𝐿𝑅𝑅1%

=

axial load carrying capacity of concrete columns with GFRP
longitudinal reinforcement ratio of 1%

𝑃𝑛,𝐿𝑅𝑅𝑖

=

the axial load carrying capacity of concrete columns with GFRP
longitudinal reinforcement ratio of 2%, 3% or 4%

𝑟

=

radius of gyration of the column specimen
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𝑟𝑐

=

radius of the column specimen cross-section

𝑡𝑠𝑖

=

depth of each concrete strip

𝑦̅

=

distance between the centroid of the column specimen to the centroid
of concrete in the compression region column specimen cross-section

𝛼1

=

parameter defines the width of the equivalent rectangular stress block
(ERSB)

𝛼𝑓

=

reduction factor that accounts for the difference between the
compressive and the tensile strengths of FRP bars

𝜀𝑐

=

concrete axial strain

𝜀𝑐𝑖

=

average strain in the 𝑖 𝑡ℎ concrete strip

𝜀𝑐𝑓𝑖

=

concrete strain of the concrete area displaced by the 𝑖 𝑡ℎ layer of GFRP
longitudinal reinforcement

𝜀𝑐𝑜

=

unconfined concrete strain

𝜀𝑐𝑢

=

ultimate concrete compressive strain

𝜀𝑓𝑖

=

strain in the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement

𝜀𝑛

=

normalized strain

𝜃

=

an angle used in expressing the area of the concrete in the compression
region of the column cross-section

𝜌𝑓

=

GFRP longitudinal reinforcement ratio

𝜌𝑠

=

steel longitudinal reinforcement ratio

𝜎𝑛

=

normalized stress
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1. Chapter One: Introduction
1.1 General background
The corrosion of steel reinforcement is considered one of the most common problems
that usually occur in steel bar reinforced concrete structures, especially concrete
structures located in high humidity environments and aggressive regions. The corrosion
of the steel reinforcement generally leads to a reduction in the strength and in the
service life of the steel bar reinforced concrete members and thereby the strength and
the serviceability of the entire concrete structure.

Several environmental conditions (i.e. moisture, freeze-thaw, de-icing salt, chemical
products) can considerably accelerate the corrosion process of steel reinforcement. It
was also reported that the accumulation of chloride ions (Cl) of seawater in concrete can
contribute in accelerating the corrosion process of steel reinforcement [1-2]. Generally,
steel reinforcement in concrete structures is protected from corrosion by the alkalinity of
the concrete. However, when concrete structures are exposed to aggressive and harsh
environments (combination of temperature and moisture), as in marine and coastal
areas, concrete carbonation or chloride ingress might occur. The carbonation of the
concrete or the ingress of the chloride can cause degradation in the alkalinity of the
concrete and can lead in turn to corrosion in the steel reinforcement.

The corrosion usually occurs around the surface of the steel bars due to the formation of
the hydrated ferrous oxide, which leads to volume expansion of steel bars. The
expansion in the volume of the steel bars causes significant internal stresses in the
concrete. These stresses cause cracks and eventually the spalling of the concrete cover
leaving the steel bars of the concrete member unprotected [3]. Consequently, concrete
itself might not be capable of providing a full protection to the embedded steel bars in
all environments, even if low-permeability concrete (produced from pozzolanic
materials such as silica fume and fly ash) is used. This is because the tendency of such
type of concrete to crack would still render steel bars being left vulnerable to corrosion.
Hence, the use of corrosion-resistant reinforcement might be the best preventive
alternative.
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1.2 Fibre-Reinforced Polymer (FRP) bars
Fibre-Reinforced Polymer (FRP) bars do not corrode even in harsh and aggressive
environments [6-7]. As a result, a great amount of cost and user impact associated with
the corrosion of steel reinforcement could potentially be eliminated, if FRP bars are
used as main reinforcement in concrete structures. In addition to the corrosion
resistance, FRP bars possess other attractive characteristics:
• The FRP bars have about 65% higher tensile strength than conventional steel bars,
which is considered an advantage over steel bars in providing increased tensile
capacity.
• The FRP bars are considerably lighter than conventional steel bars. The lighter
weight of FRP bars can facilitate easier handling and transportation of these bars and
thereby make them more economical than conventional steel bars.
• The FRP bars are non-magnetic and non-conductive bars. These characteristics are
favourable in structures where magnetic and electric interferences are undesirable
such as computer industries and Magnetic Resonance Imaging (MRI).

There are three common types of FRP reinforcing bars for concrete construction:
Aramid-FRP (AFRP), Carbon-FRP (CFRP) and Glass-FRP (GFRP) bars. The GFRP
bars are more economical and more attractive for construction industry and
infrastructure applications compared to AFRP bars and CFRP bars [7]. In addition,
GFRP bars can be a cost-competitive alternative to other corrosion-resistant bars such
as stainless steel, galvanised-coated and epoxy-coated steel bars.

Conventional steel bars mechanically behave differently than FRP bars. One of the
fundamental differences is the brittle characteristic of the FRP bars, compared to steel
bars, which can lead to a lack in the ductility of the concrete members. The brittle
characteristic of FRP bars is attributed to the fact that FRP bars do not yield and
typically exhibits linear elastic behaviour until failure, which is an important factor to
be taken into consideration when utilising FRP reinforcing bars. There has been a
considerable amount of research and code-writing efforts towards developing guidelines
and standards for the design of FRP bar reinforced concrete flexural members such as
concrete beams and bridge decks. However, the amount of research are still somewhat
limited regarding the use of FRP bars as main reinforcement in concrete compression
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members (concrete columns in general and high strength concrete columns in
particular).

1.3 Problem statement
The behaviour of FRP bar reinforced concrete members has been the focus of many
research studies in the last two decades. Several standards and design guidelines are
currently available for the design of FRP bars reinforced concrete members subjected to
flexural and shear loads [8-9]. However, due to the discrepancy in the response of FRP
bars under compressive loads, CAN/CSA S806-12 [8] recommends neglecting the
compressive resistance provided by the FRP bars when FRP bars are located in the
compression region of the concrete flexural members or when FRP bars are used as
longitudinal reinforcement in concrete compression members (i.e. concrete columns). In
addition, no guidelines or design equations for FRP bar reinforced concrete
compression members are provided in the ACI 440.1R-15 [9].

A number of research studies have been conducted to investigate the behaviour of FRP
bar reinforced concrete columns [10-16]. However, the vast majority of these research
studies were focused on investigating the behaviour of FRP bar reinforced normal
strength concrete (NSC) columns. The experimental and analytical observations
obtained from these studies might not be valid for FRP bar reinforced high strength
concrete (HSC) columns. This is because the behaviour of NSC columns is significantly
different from the behaviour of HSC columns [17-19].

Due to the lack in the research studies on GFRP bar reinforced HSC columns, this
research study was devoted to gain a better understanding about the axial and flexural
behaviour of circular HSC columns reinforced longitudinally and transversely with
GFRP bars and GFRP helices, respectively.

1.4 Research objectives
The main objectives of this research study can be briefly outlined in the following
points:
1. To investigate the behaviour of GFRP bar reinforced circular HSC columns under
concentric and eccentric axial loads and under pure flexure (four-point bending).
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2. To investigate the effect of the direct replacement of steel reinforcement with GFRP
reinforcement on the maximum axial load carrying capacity, post-peak axial loadaxial deformation behaviour, and the failure modes of circular HSC columns.
3. To investigates the fundamental differences in the structural behaviour between
GFRP bar reinforced normal and high strength concrete columns under different
loading conditions.
4. To investigate the effect of adding steel fibres to the GFRP bar reinforced HSC
columns. The main objective of adding steel fibres is to overcome the lack of
ductility that might be exhibited by GFRP bar reinforced HSC columns because
GFRP bars and HSC are more brittle materials than conventional steel bars and NSC,
respectively.
5. To investigate whether the current analytical tools and analytical considerations used
in analytically assessing the load-moment-curvature characteristics of conventional
steel bar reinforced concrete columns can be extended to FRP bar reinforced
concrete columns.

1.5 Methodology
In order to achieve the objectives of this research study, an experimental program was
firstly carried out, which included the construction and testing of twenty steel and
GFRP bar reinforced circular HSC and SFHSC column specimens under different
loading conditions. The main parameters considered in this research study were the type
of reinforcement (steel or GFRP), the pitch of the transverse reinforcement and the
presence of the steel fibres in the HSC mix. The column specimens tested in this
research study were divided into three series as follow:
 Series I: includes four circular HSC specimens reinforced longitudinally and
transversely with steel bars and steel helices, respectively. The specimens in this
series were considered as reference specimens for comparison purposes.
 Series II: includes eight circular HSC specimens reinforced longitudinally and
transversely with GFRP bars and GFRP helices, respectively.
 Series III: includes eight circular steel fibre high strength concrete (SFHSC)
specimens reinforced longitudinally and transversely with GFRP bars and GFRP
helices, respectively.
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In addition, a comprehensive analytical investigation was conducted. The analytical
investigation performed in this study included developing analytical approaches to
accurately predict the behaviour of GFRP bar reinforced HSC and SFHSC specimens
under axial and flexural loads. The efficiency of the developed analytical approaches
was verified against the experimental results of the specimens tested in this study.
Afterwards, the developed analytical approaches were adopted to conduct parametric
studies to further assess the effect of different parameters on the behaviour of GFRP bar
reinforced concrete columns in general and HSC columns in particular under different
loading conditions.

1.6 Layout of the thesis
This thesis consists of several experimental and analytical studies. Each individual
study comprising this thesis has been published or submitted for publication as journal
articles throughout the period of the Ph.D. study, but these studies are presented in this
thesis as chapters in a consistent and cohesive format. This thesis is structured into nine
chapters. A brief summary of each individual chapter contained in this thesis is outlined
as follow:
Chapter One defines the current gap in the existing research literature regarding the
use of GFRP bars in reinforcing circular high strength concrete columns. Chapter One
also defines the main objectives of this research study and the methodologies adopted to
achieve these objectives. The layout of the thesis is also presented in Chapter One.
Chapter Two presents the mechanical properties (compressive strength, flexural
strength and splitting tensile strength) of the HSC and the SFHSC used in constructing
the specimens of Series 1, Series 2 and Series 3 as defined in the Methodology Section
above. In addition, Chapter Two presents a new method of testing concrete under
uniaxial tension [20]. The method was developed to overcome the difficulties associated
with the direct tensile testing methods of concrete adopted in the previous research
studies. The feasibility of using the developed method in testing concrete samples under
uniaxial tension was assessed through testing different types of concrete.
Chapter Three presents experimental and analytical investigations on the effect of
reinforcement type (Steel and GFRP), the pitch of the transverse helices and the loading
condition (concentric and eccentric axial loads and four-point bending) on the behaviour
of circular high strength concrete columns [21].
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Chapter Four presents a comprehensive experimental and analytical comparison
between the structural behaviour of circular normal strength concrete and high strength
concrete columns reinforced longitudinally with GFRP bars and confined with GFRP
helices under axial and flexural loads [22].
Chapter Five presents the results of experimental and analytical investigations on the
effect of steel fibres on the failure modes, maximum axial load carrying capacity, postpeak axial load-axial deformation behaviour and the ductility of GFRP bar reinforced
circular high strength concrete columns [23].
Chapter Six reviewed the equations proposed in the previous research studies to
predict the axial load carrying capacity of FRP bar reinforced concrete columns [24].
Also, Chapter Six presents an explanation on the different concepts adopted in these
equations to predict the contribution of the FRP longitudinal reinforcing bars in the total
axial load carrying capacity of FRP bar reinforced concrete columns. Furthermore,
based on the experimental results of FRP bar reinforced concrete columns reported in
this study and in other studies available in the literature, a new equation for predicting
the maximum axial load carrying capacity of NSC and HSC columns reinforced with
different types of FRP bars was proposed and critically assessed in Chapter Six.
Chapter Seven and Chapter Eight clarify developed analytical approaches for
conducting the axial load-bending moment interaction diagrams (𝑃 − 𝑀) and the
moment-curvature relationships (𝑀 − ∅) for GFRP bar reinforced circular concrete
columns [25-26]. The stress-strain constitutive models of confined; unconfined concrete
and GFRP reinforcement, in addition to the analytical considerations pertaining to the
analysis are also presented in these chapters. The analytical results presented in Chapter
Seven and Chapter Eight were verified with experimental results of the column
specimens tested in this study and other column specimens taken from available
literature. Parametric studies were also conducted in these chapters to investigate the
effects of different parameters (i.e. concrete compressive strength, longitudinal and
transverse GFRP reinforcement ratios and the slenderness ratio of the columns) on the
axial and flexural response of GFRP bar reinforced circular NSC and HSC columns.
Chapter Nine provides a summary of this research study and the overall conclusions
based on the experimental and analytical investigations conducted in this research
study. In addition, Chapter Nine provides recommendations for further research studies.
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Preamble
The main objective of this research study is to investigate the behaviour of GFRP bar
reinforced high strength concrete (HSC) and steel fibre high strength concrete (SFHSC)
column specimens under different loading conditions. To achieve the objectives of this
research study, it is important to obtain the exact mechanical properties (compressive
strength, flexural strength, splitting tensile strength and direct tensile strength) of the
concrete used in constructing the GFRP bar reinforced concrete column specimens
tested in this study.

There are agreed standard tests for measuring the compressive strength, flexural
strength and splitting tensile strength of the concrete. On the other hand, different
procedures were developed in the previous research studies for measuring the direct
tensile strength of the concrete. However, these methods of testing for measuring the
direct tensile strength of the concrete encountered several major problems such as the
load eccentricity and the fracture of the ends of the tested specimens. Therefore, the
flexural and the splitting tensile testing methods have been widely used to conduct the
tensile mechanical properties of the concrete due to their simplicity. Hence, the direct
tensile test of the concrete has been given a little attention, although the direct tensile
test provides more rational results for the tensile mechanical properties of the concrete.

In this study, a new direct tensile testing method of concrete is developed to overcome
the difficulties in testing concrete under uniaxial tension. The feasibility of the new
direct tensile testing method developed in this study was assessed using different types
of concrete specimens including high strength concrete (HSC) and steel fibre high
strength concrete (SFHSC). The detailed description of the developed direct tensile
testing method and the testing results is enclosed in this chapter. The developed direct
tensile testing method was also used specifically for testing high strength selfcompacting concrete and the test findings were published in the Construction and
Building Materials and the study is enclosed in the Appendix.
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2.1 Abstract
Different testing methods were used in previous studies to measure the direct tensile
strength of concrete. However, these methods experienced several major deficiencies
such as stress concentration at the end of the concrete specimens due to inadequate
gripping and loading eccentricity and non-uniform fracture plane due to difficulties in
aligning and cantering the concrete specimens during testing. This chapter presents the
details of a new method of testing concrete under uniaxial tension. The method was
developed to overcome the difficulties associated with testing methods adopted in the
previous research studies. A full description of the wooden moulds used in casting the
concrete specimens and the loading arrangements including the end grips, universal
joints and frame in which the concrete specimens were tested under uniaxial tension are
presented. As expected, all the tested specimens were fractured at the middle where the
cross-sectional area was reduced by 20%. Also, no crushing failure or slippage was
observed at the ends of the tested specimens.

2.2 Introduction
Tensile strength is one of the critical properties of concrete, because it influences the
cracking, bonding and shear behaviours of reinforced concrete members. Many research
studies attempted to use direct tensile, indirect tensile (splitting tensile) and flexural
testing methods to investigate the properties of concrete under tension. However, it was
reported that the direct tensile testing method provides more reliable and rational
uniaxial tensile strength of concrete compared to the splitting tensile and flexural testing
methods [1, 2].

The correlations between the direct tensile strength and the compressive, flexural and
splitting tensile strength were investigated in several research studies. Wee et al. [3]
carried out an experimental study to investigate the tensile strength of concrete. It was
found that the tensile strength of the concrete was about 5.5-8.5% of the compressive
strength of concrete. It was also found that the tensile strength of concrete obtained
from the direct tensile testing was two-thirds of the flexural strength of the concrete.
Swaddiwudhipong et al. [1] studied the tensile behaviour of concrete at early ages. It
was found that with curing age the direct tensile strength of the concrete increases at a
lower rate compared to the compressive strength. Wu et al. [4] conducted experimental
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investigations on the tensile strength of the concrete under static and intermediate strain
rate using three different testing methods: direct tensile, splitting tensile and flexural
testing methods. It was reported that specimens tested under flexural loads obtained
greater tensile strength than the specimens tested under direct tensile and splitting
tensile loads. Choi et al. [2] performed a direct tensile testing on lightweight concrete
specimens with different dimensions (lateral depth) and aggregate sizes. It was reported
that the effect of the size of the tested specimens on the direct tensile strength of the
concrete became greater with a decrease in the unit weight of the concrete. Also, it was
observed that the effect of the aggregate interlocking capacity on the tensile strength of
the concrete slightly increased with an increase in the lateral depth of the tested
specimen. The influence of the end grips of the specimens on the tensile strength of
concrete was investigated in Wille et al. [5], Li et al. [6] and Zijl et al. [7]. It was
reported that rotational and non-rotational end conditions influence the crack formation
and strain distribution in the cross-section of the tested specimens [8].

Different methods were adopted to determine the direct tensile strength of the concrete
in the previous studies. Based on the techniques used in gripping the specimen in the
testing machine, four main direct tensile testing methods were identified: direct tensile
test using truncated cone concrete specimens [9], direct tensile testing using embedded
steel bars [10], direct tensile testing by gluing gripping technique [11] and direct tensile
test by means of lateral gripping [12]. However, the above methods exhibited several
technical deficiencies including non-uniform fracture plane, stress concentration and
slippage at the end of the specimens and flexural loads due to the imperfect alignment
of the specimen during testing. As a result of the aforementioned problems associated
with direct tensile testing methods, the tensile strength of the concrete has been mainly
measured using the splitting tensile testing method and flexural testing method.

In this chapter, a new direct tensile testing method was designed, based on the
embedded bar method, considering the following requirements:
1. The testing arrangements need to be suitable for different types of concrete;
2. The tensile load must be perfectly axial in order to obtain a uniform stress across the
specimen section;
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3. The end grips need to be simple and easy to fix to avoid the stress concentration and
the failure due to fracture at the ends of the specimens;
4. The strain-measurement system has to be steady during the test; and
5. The cost of preparing the specimens should not be high.

The feasibility of using the developed method in testing concrete specimens under
uniaxial tension was assessed through testing different types of concrete specimens:
normal-strength concrete (NSC), high-strength concrete (HSC), self-consolidating
concrete (SCC) and steel fibre reinforced high-strength concrete (SFHSC) having
compressive strengths ranging between 39 and 93 MPa. The developed method of
preparing and testing the concrete specimens makes the direct tensile testing of the
concrete more reliable and cost-effective.

2.3 Description of the developed direct tensile testing method
2.3.1 Formwork and embedded threaded rod
Moulds of 100 mm × 100 mm in cross-section and 500 mm in length made from nonabsorbing wood were used as formwork for the tested specimens (Fig. 2.1). The crosssection of each specimen was reduced at the middle to 80 mm × 100 mm in order to
induce the failure to occur in the middle of the tested specimen. The reduced crosssection at the middle of each specimen was achieved by gluing two timber prisms
vertically at the middle of the inner faces of the 100 × 500 mm (long) sides of the
wooden molds. The timber prisms were 100 mm long having a triangular cross-section
with a base of 20 mm and a height of 10 mm (Fig. 2.1).

A couple of threaded steel rods were embedded at the ends of each specimen to be used
as grips for the specimens. The embedded threaded steel rods were 20 mm in diameter
and 200 mm in length and were embedded inside the specimen for a distance of 125
mm (Fig. 2.1). In order to reduce the stress concentration at the ends of the tested
specimens and to increase the bond between the embedded threaded steel rods and the
concrete, four steel pins 8 mm in diameter and 30 mm in length were welded at each
threaded rod. The steel pins were spaced at 20 mm from the tip of the threaded steel rod
(located inside the tested specimens) and the steel pins were welded in a way that the
angles between the steel pins were 90 degree (Fig. 2.1).
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Timber
Triangular Prisms
∅20 Hole
Washer & Nut
Welded Washer
Steel Pins

Embedded
Threaded Steel
Rod

Wooden Mould
* All dimensions are in mm
Fig. 2 .1: Wooden mould and embedded threaded steel rod
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In order to align the embedded threaded steel rods in the centre of the tested specimens,
two holes of 20 mm diameter were drilled in the 100 × 100 mm sides (ends) of the
wooden molds. Besides, a washer was welded to the threaded rod from the inside of the
wooden molds and a nut and a washer were used on the outside to fix the threaded steel
rods to the ends of the wooden moulds. The nuts and the washers further ensured a
perfect alignment of the embedded threaded steel rods within the wooden moulds (Fig.
2.1). The completed formwork with the embedded threaded steel rods of the tested
specimens is shown in Fig. 2.2.

Embedded threaded steel rods

Timber triangular prisms

Fig. 2 .2: Completed formwork with the embedded threaded steel rods of the tested
specimens

2.3.2 Universal Joints
The tested specimens were mounted to the testing machine using a couple of reusable
universal steel joints manufactured at the University of Wollongong, Australia. The
schematic of the universal joints is presented in Fig. 2.3. Each universal joint consisted
of two main parts: eye terminal and toggle terminal. One end of the eye terminal of each
universal joint had a ∅30 mm steel rod to be gripped by using the jaw of the 500 kN
Instron testing machine, whereas the other end had a ∅18 mm hole. The toggle terminal
of each universal joint consisted of two main components: clevis holder and clevis.
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Fig. 2 .3: Schematic of the universal joint
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One end of the clevis holder had a ∅18 mm hole and the other end was fabricated to
hold the clevis. Also, the clevis of the toggle terminal had two different ends: one end
had a fixed pin to be held by using the clevis holder and the other end had a ∅16 mm
threaded rod. The eye terminal and the toggle terminal of each universal joint were
connected to each other through the ∅18 mm holes using a ∅16 mm steel pin (Fig. 2.3).
For each universal joint, the threaded rod end of the clevis was screwed onto the
threaded steel rod embedded in the end of the specimen using a ∅20 mm to ∅16 mm
reduced nut. In order to avoid any loose connection in the reduced nut, a locked nut was
used to hold the reduced nut firm during the test.

Joint A

Joint A

Joint B

Rotation
around Joint B
X-axis

Rotation
around
Z-axis

Y
Z

X

Each universal joint provides two degrees of freedom: rotation
about X-axis (Joint A) and rotation about Z-axis (Joint B)

Fig. 2 .4: Universal joint designed for direct tensile testing of all specimens
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The universal joints were used to avoid any bending moments that might be experienced
by the specimens during testing as a result of an eccentricity in the applied load. This is
because the universal joints allowed movement at both ends of each tested specimen
(Fig. 2.4), which ensured a perfect alignment for the specimen between the jaws of the
Instron testing machine. Moreover, the universal joints overcame any defects in
misalignment of the threaded steel rods that might occur during the casting of the
specimen.
2.3.3 Strain rate and strain measurement
Concrete is considered a sensitive material to the applied strain rate. Considerable
efforts have been dedicated in the previous research studies to investigate the effect of
the strain rate on the tensile properties of the concrete under uniaxial tension. Kӧrmeling
and Reinhardt [13] studied the effect of strain rate on the fracture energy and the tensile
strength of concrete specimens with and without steel fibres. It was observed that using
high strain rates in testing the specimens resulted in a substantial increase in the fracture
energy and the tensile strength of the plain and the steel fibre reinforced concrete
specimens. Yan and Lin [14] carried out an experimental investigation on the strain rate
dependent response of the concrete in tension. Strain rate of 10−5 ε⁄s to 10−0.3 ε⁄s was
used in testing the concrete specimens. It was observed that the strain rate influenced
the direct tensile strength of the concrete more than it influenced the modulus of
elasticity. Chen et al. [15] investigated the effect of four different strain rates (10−6 ε⁄s,
10−5 ε⁄s, 10−4 ε⁄s, 10−3 ε⁄s) on the direct tensile strength of the concrete. It was
found that the peak stresses decrease with the decrease in the strain rate. In this chapter,
the strain rate used in testing all the concrete specimens was 6 × 10−6 𝜀 ⁄s, which is
considered within the intermediate strain rates suitable for testing concrete under
uniaxial tension [15].

Concrete strain gauges with a length ranging between 30 mm to 120 mm were used in
the previous research studies to measure the axial tension strain in the tested specimens
[1, 4, 16]. Short strain gauges are considered more susceptible to several forms of
measurement errors especially error caused by the open cracks distributed along the face
of the monitored material where those strain gauges attached. Hence, strain gauges with
a long sensor length are need for inhomogeneous materials such as concrete [17]. In this
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chapter, two concrete strain gauges of 120 mm length were attached at the middle of
long non-notched sides of the tested specimens to measure the axial tension strain
during the tests (Fig. 2.5).

Fig. 2 .5: Schematic setup of the tested specimen

2.3.4 Specimen preparation and testing Setup
A total of 12 concrete specimens were cast and tested under uniaxial tension in order to
validate the direct tensile testing method developed in this study. Four different types of
concrete were used in casting the tested specimens: normal-strength concrete (NSC);
high-strength concrete (HSC), self-consolidating concrete (SCC) and steel fibre
reinforced high-strength concrete (SFHSC). Three specimens (S1, S2 and S3) were
tested for each type of concrete. The ready mixes of NSC, HSC and SCC were provided
by a local concrete company. The mix proportions of the NSC, HSC and SCC mixes are
presented in Table 2.1. The SFHSC was prepared using a small lab concrete mixer
having the maximum volume capacity of 0.2 m3.
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Table 2.1: Mix proportions of the concrete used in this study
Mix

Cement

Fly ash

Slag

Silica fume

Sand

Coarse aggregate

Water

HRWR a

Steel fibre

(kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

(l/m3)

by volume
content (%)

Normal-strength concrete

350

-

-

-

850

1000

185

-

---

High-strength concrete

576

64

-

30

540

990

197

6

---

Steel fibre high-strength

576

64

-

30

540

990

197

6

1

280

120

50

-

950

780

182

3.4

---

concrete
Self-consolidating concrete
a

HRWR: High range water reducer
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The HSC ready mix, provided by a local company, was firstly placed in the lab mixer
and then brass coated steel fibres with 1% by volume were added gradually inside the
HSC mix. The steel fibres were straight in shape with 0.2 mm diameter and 13 mm
length (aspect ratio = 65) having maximum tensile strength of 2500 MPa [18]. The
maximum size of the aggregate used in the NSC, HSC, SCC and SFHSC was 10 mm.
For NSC, HSC and SFHSC specimens, the concrete was placed into the formwork in
two stages. After each stage, concrete was vibrated using an electrical concrete vibrator.
No vibration was needed for the SCC specimens.

The properties of fresh SCC were tested according to ASTM C1610, C1611 and C1621
[19-21]. The results were found to be satisfactory. The standard mechanical properties
including compressive strength, splitting tensile strength, flexural strength, direct tensile
strength and the modulus of elasticity of the NSC, HSC, SCC and SFHSC were
determined. The compressive strengths of the concrete were determined by testing three
100 mm × 200 mm cylinder-specimens according to ASTM C39 [22]. The splitting
tensile strengths of the concrete were determined by testing three 150 mm × 300 mm
cylinder-specimens according to ASTM C496 [23]. The flexural strengths of the
concrete were determined by testing three 100 × 100 × 500 mm beam-specimens with
third-point loading according to ASTM C78 [24]. The direct tensile strength and the
modulus of elasticity of the concrete in tension were determined from the tensile stressstrain behaviour of three specimens tested using the direct tensile testing method
developed in this study. The modulus of elasticity of the concrete in compression was
determined from the slope of the stress-strain behaviour obtained from testing three 150
mm × 300 mm cylinder-specimens under axial compression according to ASTM C469
[25].

The universal Instron testing machine at the laboratory of School of Civil, Mining and
Environmental Engineering, University of Wollongong, Australia was used in testing
the specimens under uniaxial tension. First, the universal joints were fixed to the
embedded threaded steel rods of the tested specimen. Afterwards, the specimens were
mounted to the Instron testing machine. During the tests, a strap was used to slightly
hold the lower part of tested specimens in order to avoid any sudden fall of any part of
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the specimen during the fracture of the specimen (Fig. 2.5). Fig. 2.6 shows a typical
testing setup of the tested specimens.

Fig. 2 .6: Typical test setup for direct tensile testing of concrete

2.4 Results and discussion
2.4.1 Failure modes
All the tested specimens fractured once the specimens reached their maximum tensile
strength. The fracture occurred in the middle of each specimen where the crosssectional area of the specimens was reduced by 20%. Fig. 2.7 shows the failure modes
of the tested specimens. The reduced cross-sectional area in the middle of the specimens
prevented the fracture to occur at undesirable locations along the length of the
specimens. Furthermore, the reduced cross-sectional area contributed in concentrating
the stresses in the middle of the specimens resulting in a uniform fracture plane at this
location. None of the tested specimens experienced either a slippage or a crushing
failure at the ends, which was an indication that the embedded threaded steel rods
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provided a strong and evenly distributed bond with the surrounding concrete. Moreover,
no secondary flexural-related failure was observed, confirming that proper alignment
was provided by the universal joints.

NSC

HSC

SSC

SFHSC

Fig. 2 .7: Failure modes of the tested specimens: (a) NSC, (b) HSC, (c) SCC, and (d)
SFHSC

2.4.2 Stress-strain behaviour of tested specimens
In this study, the axial tensile stress for the tested specimens was determined from
dividing the axial tensile load recorded by the load cell of the Instron testing machine by
the reduced cross-sectional area (80 × 100 mm) of the specimens. Two strain gauges
were attached at the middle of long non-notched sides of each tested specimen to
measure the axial tensile strain. Fig. 2.8 presents the elastic phase of the stress-strain
behaviour of the SCC specimen (S1), in which the axial strains were recorded by the
two strain gauges attached on both sides of the SCC specimen (S1).

Since the strain gauges were not able to provide accurate readings after the specimens
were fractured in the middle (notched zone), especially for SFHSC specimens, the
stress-strain behaviours of the specimens were drawn, based on strain gauge readings,
until the fracture occurred. Afterwards, the axial strains were calculated by dividing the
axial deformation captured by the Instron testing machine by the overall length of the
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tested specimens in order to draw the post-fracture behaviour of the tested specimens. It
is noted that the proposed testing configuration in a servo-hydraulic testing system with
closed loop may reasonably capture the post-cracking stress-strain behaviour of the
concrete.
4.5
SG1 reading
4

SG2 reading

Axial stress (MPa)

3.5
3
2.5
2

SG1

SG2

1.5
1
0.5

SG = Strain gauge

0

0

0.005

0.01
Axial strain (%)

0.015

0.02

Fig. 2 .8: Elastic phase of the stress-strain behaviour of the SCC specimen (S1)

Figure 2.9 shows the stress-strain behaviour of the tested specimens under uniaxial
tension. All the tested specimens experienced almost linear stress-strain behaviour up to
the peak stress. Similar observations were reported in Ref. [5, 15]. After the peak stress,
the NSC, HSC and SCC specimens (plain concrete) failed immediately once they
reached their peak tensile stresses. The immediate failure of the plain concrete
specimens under uniaxial tension was attributed to the complete fracture failure
exhibited by the tested specimens in the middle. As expected, the fracture failure
occurred at the weakest section (notched zone) of the tested specimens. On the other
hand, the failure of the SFHSC specimen started with a partial crack in the middle of the
specimens which resulted in a drop of about 50% of the peak tensile stress followed by
a gradual reduction in the stress-strain behaviour until failure. Similar stress-strain
behaviour was reported for SFHSC in Ref. [5, 13, 26].
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Fig. 2 .9: Uniaxial tensile stress-strain behaviour: (a) NSC, (b) HSC, (c) SCC, and (d) SFHSC
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2.4.3 Comparison of the test results
The experimentally obtained values of direct tensile strengths for NSC, HSC, SCC, and
SFHSC were evaluated in order to assess the precision of the developed direct tensile
testing method. Table 2.2 summarises the mechanical properties of NSC, HSC, SCC
and SFHSC including the compressive strength, splitting tensile strength, flexural
strength, direct tensile strength and the modulus of elasticity.

The modulus of elasticity of the NSC, HSC, SCC and SFHSC was determined from the
slope of the stress-strain behaviour of the specimens in tension and compression as
mentioned earlier. It was observed that the modulus of elasticity of the NSC, HSC, SCC
and SFHSC in tension was about 73%, 55%, 67% and 57% of the modulus of elasticity
of the NSC, HSC, SCC and SFHSC in compression, respectively.

The compressive, splitting and the flexural strengths were obtained using standard
concrete tests [22-24], whereas the direct tensile strength of the concrete was obtained
using the testing method developed in this study. The average direct tensile strength for
the NSC, HSC, SCC and SFHSC obtained using the developed direct tensile testing
method were found to be 3.19, 3.5, 3.5 and 4.1 MPa, respectively. The average direct
tensile strengths of the tested specimens were found to be less than the corresponding
average splitting tensile and flexural strengths. The average direct tensile strength of
NSC, HSC, SCC and SFHSC specimens were found to be 10%, 33%, 8% and 36% less
than the average splitting tensile strengths of NSC, HSC, SCC and SFHSC,
respectively. In addition, The average direct tensile strength of NSC, HSC, SCC and
SFHSC specimens were found to be 26%, 42%, 46% and 41% less than the average
flexural strengths of NSC, HSC, SCC and SFHSC, respectively. The difference between
the direct tensile strength and the tensile strengths obtained from the splitting tensile and
flexural strengths might be attributed to the distribution of tensile stresses at the failure
plane.

The average direct tensile strength of the NSC specimen was equal to 90% of the
splitting tensile strength, which is consistent with AS 3600-09 [27] and EC 2 [28].
Similarly, the average direct tensile strength of the SCC specimens was approximately
equal to 90% of the splitting tensile strength.
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Table 2.2: Test results for NSC, HSC, SCC and SFHSC specimens
Type of test

Standard tests

Tested specimens for different types of concrete
NSC

Compressive strength
(MPa)
Splitting tensile
strength (MPa)

Flexural strength
(MPa)

SFHSC

S2

S3

Ave.

S1

S2

S3

Ave.

S1

S2

S3

Ave.

S1

S2

S3

Ave.

ASTM C39-16

39

38.5

39.5

39

82.8

86.6

85.5

85

56.5

57

-

57

92.3

94.7

91.2

93

ASTM C496-11

3.56

3.65

3.42

3.54

5.4

5.3

4.8

5.2

3.7

3.78

3.87

3.8

6.8

6.2

6.1

6.4

ASTM C78-16

4.2

4.37

4.31

4.3

6.2

6.8

6.1

6.0

6.0

6.39

7.1

6.5

6.9

6.8

7.2

6.9

3.08

3.29

3.2

3.19

3.6

3.3

3.5

3.5

3.4

3.49

3.6

3.5

4.1

4.0

4.3

4.1

30.5

31

30

30.5

40.5

39.3

38.5

39

29.5

30

31

30

42

39.8

41

41

21

22.4

23.5

22.3

21.4

21.8

21.6

21.6

19.5

20.4

21

20

21.9

23.5

24.7

23.4

Developed

strength (MPa)

method

(compression) (GPa)

SCC

S1

Direct tensile

Modulus of elasticity

HSC

ASTM C469-14

Modulus of elasticity

Developed

(direct tension) (GPa)

method
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Similar result was reported in previous study [29]. In addition, the average direct tensile
strength of the HSC and SFHSC, obtained using the developed direct tensile testing
method, were found to be close to the direct tensile strengths reported in the previous
studies [13, 30, 31, 32].

According to AS 3600-09 [27], the direct tensile strength of the concrete is calculated as
60% of the flexural strength of the concrete. The average direct tensile strength of NSC,
HSC, SCC and SFHSC, obtained using the developed direct tensile testing method,
were compared to that calculated from flexural strength according to AS 3600-09 [27].
The ratio of the calculated to the experimental results of the direct tensile strength for
NSC, HSC, SCC and SFHSC specimens were found to be 0.8, 1.0, 1.1 and 1.0,
respectively.

The previous testing procedures for concrete under uniaxial tension were complicated.
Besides, a considerable number of the experimental data reported in some previous
research studies for the direct tensile strength of concrete were found to be unreliable
due to the technical complicacies related to the testing procedure. However, the direct
tensile testing method developed in this study provides rational and reliable results for
the direct tensile strength of the NSC, SCC, HSC and SFHSC using a simple and an
effective testing technique.

2.5 Conclusions
1. The developed direct tensile testing method was found to be efficient in ensuring that
the fracture occurred in the middle of each specimen where the cross-sectional area
was reduced by 20%.
2. Due to the use of an adequate gripping technique (embedded threaded steel rods),
none of the tested specimens experienced slippage or crushing failure at the ends.
3. Due to the proper alignment provided by the universal joints, no secondary flexuralrelated failure occurred in the tested specimens.
4. The average direct tensile strengths of the tested specimens were found to be less than
the average flexural strength and splitting tensile strength.
5. All tested specimens showed linear stress-strain behaviours under uniaxial tension
almost up to the peak stress. The NSC, HSC and SCC specimens (plain concrete)
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failed immediately once the tensile stress peak was reached. However, the failure of
the SFHSC specimen started with a partial crack in the middle of the specimens
which resulted in a drop in the tensile peak stress by about 50%.
6. The developed procedure provided rational and reliable results for the direct tensile
strength of the NSC, SCC, HSC and SFHSC using a simple and an effective testing
technique.
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Preamble
Replacing conventional steel bars in concrete structures by fiber-reinforced polymer
(FRP) bars is considered a relatively new technique to overcome the corrosion problem
of steel reinforcement. The current design guidelines emphasised the need for more
research studies in this field to provide better understanding for the effect of replacing
steel reinforcement by GFRP reinforcement on the performance of FRP bar reinforced
concrete members.

This chapter presents the test result of four steel bar reinforced high strength concrete
(HSC) column specimens (reference column specimens) and eight Glass-FRP (GFRP)
bar reinforced HSC column specimens. The mechanical properties of the HSC used in
constructing the column specimens were presented in Chapter Two. The differences in
the structural behavior between steel and GFRP bar reinforced HSC column specimens
under different loading conditions are thoroughly discussed in following sections.
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3.1 Abstract
Existing design codes and guidelines do not adequately address the design of concrete
columns reinforced with Fibre-Reinforced Polymer (FRP) bars. Accordingly, a number
of research studies investigated the behaviour of FRP bar reinforced concrete columns.
However, the previous studies were limited to the FRP bar reinforced normal strength
concrete (NSC) columns. In this chapter, the behaviour of Glass Fibre-Reinforced
Polymer (GFRP) bar reinforced high strength concrete (HSC) specimens under different
loading conditions was investigated in terms of axial load carrying capacity,
confinement efficiency of the GFRP helices as well as the ductility and post-peak axial
load-axial deformation response. The effects of the key parameters such as the type of
the reinforcement (Steel and GFRP), the pitch of the transverse helices and the loading
condition (concentric, eccentric and four-point loading) on the performance of the
specimens were investigated. It was observed that GFRP bar reinforced HSC specimen
sustained almost similar axial load under concentric axial compression compared to
steel counterpart, but the efficiency of GFRP bar reinforced HSC specimens in
sustaining axial loads decreased with an increase in the axial load eccentricity. Direct
replacement of steel reinforcement by the same amount of GFRP reinforcement in HSC
specimens resulted in about 30% less ductility under concentric axial load. However, it
was found that the ductility and post-peak axial load-axial deformation behaviour of the
GFRP bar reinforced HSC specimens can be significantly improved by providing
closely spaced helices.

3.2 Introduction
Fibre-Reinforced Polymer (FRP) bars have several advantages over steel bars in
reinforcing concrete structural members. FRP bars have higher tensile strength
compared to the conventional steel bars. Also, the density of the FRP bars is about 25%
of the density of steel bars. In addition, FRP bars possess other attractive features such
as corrosion resistance and nonmagnetic and nonconductive characteristics. FRP bars
have become a competitive replacement of steel bars in reinforcing concrete structures.
However, their application is still hindered due to their sensitivity to the alkaline
environment and high deformability. Recently, a significant amount of research studies
were conducted on the behavior of FRP bar reinforced concrete flexural members. It
was reported that for the same reinforcement ratio, concrete flexural members
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reinforced with FRP bars experienced larger crack widths and deflections compared to
those reinforced with conventional steel bars (Nanni 1993 and Toutanji HA and Saafi
M. 2000). However, El-Nemr et al. (2013) reported that using high strength concrete
while maintaining the axial reinforcement stiffness (𝐸𝑓 𝐴𝑓 ) constant contributed in
improving the ultimate load carrying capacity, crack width and deflection of the
concrete flexural members reinforced with FRP bars. It was reported that FRP
transverse reinforcement contributes in improving the shear capacity of the concrete
flexural members, although the contribution of concrete to the shear capacity is lower
for FRP bar reinforced concrete members compared to steel bar reinforced concrete
members (Lignola et al. 2014). The results of the existing studies on FRP bar reinforced
flexural concrete members were adopted in establishing several standards and design
guidelines such as CAN/CSA S806-12 (CSA 2012) and ACI 440.1R-15 (ACI 2015).
The compressive strength of the FRP bars is significantly lower than their tensile
strength and the behaviour of FRP bars differs significantly under compressive loads.
Therefore, the ACI 440.1R-06 (ACI 2006) does not recommend reinforcing concrete
compression members longitudinally with FRP bars, whereas CAN/CSA S806-12 (CSA
2012) ignores the contribution of FRP bars in compression for both flexural and
compression members. It is noted that the ACI 440.1R-15 (ACI 2015) provides no
guidelines for the use of FRP bars in reinforcing compression members.

The ACI 440.1R-06 (ACI 2006) highlighted the need for extensive research on the use
of FRP bars in reinforcing concrete columns. Several research studies were conducted
to investigate the behaviour of FRP bar reinforced concrete columns. Paramanantham
(1993) reported that GFRP longitudinal bars can only be loaded up to 30% of their
ultimate strength in compression. Alsayed et al. (1999) studied the effect of the direct
replacement of steel reinforcement with an equivalent amount of GFRP reinforcement
on the load carrying capacity of rectangular concrete columns. It was found that the
direct replacement of steel longitudinal bars by an equivalent amount of GFRP
longitudinal bars resulted in about 13% lower load carrying capacity of columns
compared to steel counterparts regardless of the type of the transverse ties (steel or
GFRP). It was also found that replacing only the steel ties by an equivalent amount of
GFRP ties resulted in about 10% lower load carrying capacity of columns compared to
steel counterparts. Choo et al. (2006) observed that neglecting the contribution of FRP
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bars in the strength of concrete columns might be overly conservative. De Luca et al.
(2010) reported that concrete columns could be reinforced longitudinally with GFRP
bars. They observed that the GFRP ties did not contribute in increasing the capacity of
the GFRP longitudinal bars in sustaining applied loads. However, the GFRP ties
delayed the buckling of the GFRP longitudinal bars. Tobbi et al. (2012) reported that
GFRP bars contributed by about 10% of the total axial load carrying capacity of the
columns, which is about 2% less than the contribution of steel bars in the columns. Afifi
et al. (2013) found that the pitch of the GFRP helices influenced the ductility of the
columns more than the axial load carrying capacity. It was also found that columns
reinforced transversely with smaller size GFRP helices with shorter pitch exhibited
better ductility than columns reinforced with larger size helices with longer pitch.
Mohamed et al. (2014) reported that concrete columns reinforced with steel bars
sustained about 4% and 8% higher axial load compared to columns reinforced with
CFRP and GFRP bars, respectively. It was also reported that the ductility of GFRP bar
reinforced concrete columns are greater than the ductility of the CFRP bar reinforced
concrete columns. Furthermore, it was reported that the axial load and bending moment
capacity of steel bar reinforced columns were higher than those of GFRP bar reinforced
columns. Also, the ductility of GFRP bar reinforced columns was found to be close to
the ductility of steel bar reinforced columns (Hadi et al. 2016 and Karim et al. 2016).

The aforementioned observations were based on the test results of FRP bar reinforced
concrete columns cast with normal strength concrete having compressive strengths
between 20 and 44 MPa. Therefore, such observations may not be applicable for FRP
bar reinforced columns constructed with concrete of much higher compressive strength.
This is because the behaviour of the high strength concrete (HSC) fundamentally differs
from the behaviour of normal strength concrete (NSC) (Cusson and Paultre 1994; Foster
and Attard 1997; Razvi and Saatcioglu 1999 and Bing et al. 2001). Hence the
performance of GFRP bar reinforced high strength concrete (GFRP-HSC) columns may
significantly vary from the performance of GFRP bar reinforced normal strength
concrete (GFRP-NSC) columns in terms of the total axial load carrying capacity,
confinement efficiency of the GFRP transverse reinforcement, in addition to the
ductility and post-peak axial load-axial deformation behaviour of the columns.
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The available research studies on FRP bar reinforced concrete columns indicate that
there is a lack of experimental research on the FRP bar reinforced HSC columns. A
comprehensive experimental and analytical research program has been underway at the
University of Wollongong, Australia, to assess the behaviour of NSC and HSC
members reinforced with different types of FRP bars under static and dynamic impact
loads (Hadi et al. 2016; Karim et al. 2016; Hadi and Youssef 2016; Goldston et al.
2016). This study investigates the behaviour of circular HSC columns reinforced
longitudinally with GFRP bars and transversely with GFRP helices under different
loading conditions.

3.3 Research objectives
This research study aims to assess the behaviour of circular HSC columns reinforced
with GFRP bars and helices under concentric and eccentric axial compression as well as
flexural (four-point) loading. Also, this research study investigates the effect of the
GFRP bars and helices on the maximum axial load carrying capacity, confinement
efficiency, post-peak axial load-axial deformation behaviour, and failure modes of the
HSC columns. The findings of this study can be used to assess the feasibility of
reinforcing HSC columns with FRP bars and helices.

3.4 Experimental program
A total of 12 circular column specimens were cast and tested at the Structural
Engineering laboratory of the University of Wollongong, Australia. All specimens were
210 mm in diameter and 800 mm in height. The dimensions of the tested specimens
were chosen to suit the conditions and the capacity of the laboratory testing facilities. It
is noted that concrete compression members having height-to-diameter ratio equal to or
greater than 2.5 are considered as columns in Canadian Highway Bridge Design Code
CAN/CSA S6-06 (CSA 2006). Moreover, concrete columns have been defined in the
ACI 318-11 (ACI 2011) as concrete members mainly used to sustain axial load with
height-to-least lateral dimension ratio greater than 3. The height-to-diameter ratio of the
specimens tested in this study was close to 4. The height of the specimens tested in this
study was adequate to provide a sufficient development length for the longitudinal
reinforcing bars according to ACI 318-14 (ACI 2014).
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The specimens tested in this study were divided into three groups. The specimens in the
first group (Group S60) were prepared as control specimens. These specimens were
reinforced with six 12 mm longitudinal deformed steel bars (N12) and 10 mm rounded
steel (R10) helices with a pitch of 60 mm. These specimens were considered as
reference specimens for comparison with GFRP bar reinforced specimens. The
longitudinal and transverse reinforcement of the reference specimens satisfy the
requirements of ACI 318-14 (ACI 2014).

Table 3.1: Test matrix

Group Specimen

Reinforcement
Type

Longitudinal

Transverse

reinforcement reinforcement

S60E0
S60

G60

G30

S60E25
S60E50

Load Eccentricity
(mm)
0

Steel

6N12

R10@60 mm

25
50

S60B

Four-point loading

G60E0

0

G60E25
G60E50

GFRP

6#4

#3@60 mm

25
50

G60B

Four-point loading

G30E0

0

G30E25
G30E50

GFRP

6#4

G30B

#3@30 mm

25
50
Four-point loading

The second group (Group G60) consisted of four specimens which were reinforced
longitudinally with six #4 (nominal diameter = 12.7 mm) GFRP bars and transversely
with #3 (nominal diameter = 9.5 mm) GFRP helices with a pitch of 60 mm. The
specimens in this group were designed to assess the effect of direct replacement of steel
reinforcement with GFRP reinforcement. The third group (Group G30) consisted of
four specimens which were reinforced longitudinally with six #4 (nominal diameter =
12.7 mm) GFRP bars and transversely with #3 (nominal diameter = 9.5 mm) GFRP
helices with a pitch of 30 mm. The specimens in this group were designed to investigate
the effects of GFRP transverse reinforcement ratio on the behaviour of GFRP bar
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reinforced HSC specimens. The first specimen of each group was tested under
concentric axial load, while the second and the third specimens in each group were
tested under 25 mm and 50 mm eccentric axial loads, respectively. The last specimen of
each group was tested under four-point loading as beam to explore the flexural
behaviour of the specimen. Table 3.1 presents the test matrix of the specimens. Fig. 3.1
shows the dimensions and the reinforcement details of the tested specimens.
R10 steel
helix@60 mm

#3 GFRP
helix@60 mm

#3 GFRP
helix@30 mm

6N12 steel
bars

6#4 GFRP
bars

6#4 GFRP
bars
210
170

800
760

800
760

800
760

30

60

210
170

60

210
170

20

20

GROUP S60

GROUP G60

Strain gauges attached
to the longitudinal bars

20
GROUP G30
Strain gauges attached
to the helices

Fig. 3 .1: Dimensions and reinforcement details of the tested specimens

The test specimens are labelled (Table 3.1) according to the reinforcement type, pitch of
helix, and loading condition. The letters “S” and “G” in the labels of the specimens
represent the types of reinforcement where “S” refers to steel bars and “G” refers to
GFRP bars. The number after “S” and “G” refers to the pitch of the helix. The letters
“E” and “B” represent the applied loads. The letter “E” with the number afterward
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represent the load eccentricity: The E0 represents concentric axial loads, E25 represents
25 mm eccentric axial load and E50 represents 50 mm eccentric axial loads. The letter
“B” represents the four-point loading. For instance, Specimen G60E25 is reinforced
with six GFRP longitudinal bars and GFRP helix with a pitch of 60 mm and tested
under 25 mm eccentric axial load.

3.4.1 Material properties
Ready mix HSC with an average 28-day compressive strength of 85 MPa supplied by a
local concrete company was used in casting all specimens on the same day. The
mechanical properties of the steel N12 deformed bars and steel R10 rounded bars were
determined according to AS 1391-2007 (AS 2007). The #4 GFRP longitudinal bars and
#3 GFRP helices used in this study were provided by V-Rod Australia (V-Rod 2012).
The GFRP bars were sand coated to improve the bond between the bars and the
concrete. The cross-sectional areas of the #3 and #4 GFRP bars were measured using
the immersion test according to ISO 104061-1:2015 (ISO 2015) The ultimate tensile
strength, corresponding strain, and the modulus of elasticity of the GFRP bars were
determined according to ASTM D7205-11 (ASTM 2011). The ultimate tensile strength
of the GFRP bars and the modulus of elasticity were calculated based on the crosssectional area of the GFRP bars obtained from the immersion test. Table 3.2 presents
the mechanical properties of the GFRP and steel bars.

Table 3.2: Mechanical properties of GFRP and steel bars
Bar

Bar

Type

size

Steel

GFRP

Nominal
Diameter
(mm)

Area
(mm2)

Tensile

Strain corresponding

Elastic

Strength

to tensile strength

modulus

(MPa)

(mm/mm)

(GPa)

N12

12

113

550b

0.0027

200

R10

10

78.5

420 b

a

a

0.0022

190

c,d

#3

11

95

1320

0.0231

57d

#4

14.5a

165a

1190c,d

0.0228

52d

a

Measured using the immersion test.

b

Yield tensile strength 𝑓𝑦 .

c

Ultimate tensile strength 𝑓𝑓𝑢 .

d

Calculated based on the area of GFRP bars obtained from the immersion test.
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3.4.2 Specimen fabrication and testing procedure
Polyvinyl chloride (PVC) pipes with an inner diameter of 210 mm were used, after
cutting them into lengths of 800 mm, as moulds for the casting of specimens. To avoid
any movement during the pouring or vibrating the concrete, formwork fabricated from
plywood was used to hold the PVC pipes in a vertical position. Steel helices were
fabricated by coiling R10 steel bars. The GFRP helices were fabricated in a coil shape
by the manufacturer (V-Rod 2012). The steel and GFRP reinforcement cages were
prepared by assembling the longitudinal bars and the transverse helices using steel tie
wires based on the reinforcement arrangement of the specimens. The cages were then
placed inside the PVC moulds as shown in Fig. 3.2. The outer diameter of the
reinforcement helices was 170 mm and the height of each cage was 760 mm to ensure a
20 mm concrete cover at the sides and also at the top and the bottom of the specimens.
All specimens were cast on the same day with a batch of high strength ready mix
concrete supplied by a local concrete company. Concrete vibrators were used to remove
air voids and to ensure perfect compaction.

Fig. 3 .2: Specimen Fabrication: (a) PVC moulds and the wooden formwork; (b) steel
and GFRP cages and (c) GFRP and steel cages inside the PVC molds
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The Denison 5000 kN testing machine was used in testing all the specimens. Before the
testing, all column specimens were externally wrapped at the top and the bottom by two
layers of CFRP sheets with 100 mm overlap to avoid premature failure during testing.
The CFRP sheets were 0.5 mm thick and 100 mm wide. Both ends of the specimen
were capped with high strength plaster to ensure a uniform distribution of the applied
loads. Each specimen was placed vertically on the steel loading head then another steel
loading head was placed on the top of the specimen. Afterwards, the specimen was
placed in the testing machine and adjusted to ensure that the specimen was located at
the center of the testing machine. For flexural tests, four-point loading system (consists
of two steel loading rigs: the bottom and the top rigs) was used to test the specimens.
Firstly, each specimen was placed horizontally on the bottom rig then the specimen and
the bottom rig were positioned diagonally in the Denison testing machine and were
adjusted to ensure that the specimen was located at the centre of the testing machine.
Afterwards, the top rig was placed on the specimen to transfer the applied loads from
the testing machine to the beam specimen. Fig. 3.3 shows the test setup for the column
and the beam specimens. The axial strain in the longitudinal bars and the hoop strain in
the helices were captured using four electrical resistance strain gauges attached to
reinforcement cages at the mid-height of each specimen. Two of the strain gauges were
attached to the reinforcing helices at two opposite sides. The other two strain gauges
were attached to two parallel longitudinal bars in a way that under eccentric axial load
or four-point loading, one bar would be subjected to compression and the second bar
would be subjected to tension. For the eccentrically loaded specimens, the lateral
deformation was measured using a laser triangulation placed at the mid-height of the
specimen.

The midspan deflection of the specimens tested as beams was also measured using a
laser triangulation fixed underneath a hole at midspan of the testing rig as shown in Fig.
3.3. In addition, two linear variable differential transducers LVDTs were attached to the
heads of the testing machine parallel to each other for capturing the axial strain in the
specimens (Fig. 3.3). The LVDTs and the laser triangulation were connected to an
electrical data logger before the tests. The data was recorded at every 2 seconds. At the
beginning of the test, each specimen was pre-loaded at a rate of 2 kN/s up to 100 kN
and then unloaded to 20 kN at the same rate to prevent any movement in the specimens
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at the beginning of the test. Afterwards, displacement control loading at a rate of 0.3
mm/min was applied until the failure of the specimen.

Loading
head

Laser
Triangulation
LVDTs
Strain gauges
to data logger
Triangulation

Loading
rigs

LVDTs
Check
with text
Strain gauges
to data logger

Laser Triangulation

Fig. 3 .3: Testing of the specimens: (a) test setup of column specimens; (b) loading head
setup for concentrically loaded column specimens; (c) loading head setup for column
specimens tested under 25 mm eccentric axial load; (d) loading head setup for column
specimens tested under 50 mm eccentric axial load and (e) test setup of the beam
specimens.
47

`

3.5 Experimental results
3.5.1 Failure modes
For concentrically loaded specimens, the failure in the reference Specimen S60E0
started with buckling of the longitudinal bars. Afterwards, Specimen S60E0
experienced crushing of concrete core followed by the rupture of steel helix. For the
GFRP bar reinforced specimens, the failure in Specimen G60E0 was controlled by the
buckling of longitudinal GFRP bars followed by the rupture of GFRP helix. This failure
was due to the low confinement pressure provided by the GFRP helix. On the other
hand, the failure of the well-confined Specimen G30E0 was controlled by the crushing
of concrete core and the rupture of longitudinal bars and helix. Specimen G30E0
exhibited enhanced post-peak axial load-axial deformation behaviour and higher axial
deformation at failure than Specimen G60E0. This is because the GFRP helix in
Specimen G30E0 delayed the crack propagation and restrained the longitudinal GFRP
bars against buckling and allowed the specimen to fail progressively until the GFRP
helix ruptured. Both steel and GFRP helices exhibited a sudden rupture. However, the
rupture of the helices in the GFRP reinforced Specimens G60E0 and G30E0 was more
sudden and more explosive compared to the control Specimen S60E0 due to the brittle
nature of the GFRP bars. At the final stage, after the steel and GFRP helices ruptured
and the longitudinal steel and GFRP bars buckled or ruptured, the concrete core
completely crushed. At the end of the test, an inclined failure plane was observed in the
crushed reign of the tested specimens. The inclined failure plane was due to the shear
sliding of the upper and lower parts of the tested specimens occurred after the concrete
core completely crushed. Fig. 3.4 shows a close-up view of the buckling and rupture of
the longitudinal steel and GFRP bars as well as the rupture of steel and GFRP helices.
The dashed lines represent the diagonal failure planes, which were identified by the
intersection of the ruptured helices and the buckled bars.

Due to the concentration of the stresses in the middle part of the specimen tested under
eccentric axial loads, all eccentrically loaded specimens exhibited spalling of the
concrete cover and crushing of the concrete in the compression region accompanied by
cracks on the tension face.
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Helix
Rapture

Buckling of
Long. Bars

Fig. 3 .4: Failure of column specimens: (a) buckling of the longitudinal steel bars and
rupture of the steel helix; (b) buckling and rupture of longitudinal GFRP bars and (c)
rupture of the GFRP helix

For steel reinforced Specimens S60E25 and S60E50, the failure initiated by the
buckling of the longitudinal bars in the compression side and finally, rupture of the
longitudinal bars located in the tension region led to the total collapse of the specimen.
On the other hand, GFRP reinforced Specimens G60E25 and G30E25 failed by rupture
of the longitudinal bars and helices in the compression region. It was observed that all
GFRP bars located in the compression region of the Specimen G60E25 ruptured
because the transverse reinforcement provided was insufficient to prevent the rupture of
the bars. However, due to the efficiency of the GFRP helix of Specimen G30E25 in
restraining the longitudinal bars, only one GFRP bar located in the extreme compression
region ruptured. For Specimens G60E50 and G30E50, the failure was attributed to the
rupture of the helices in the compression side of the crushed region. In general, it was
observed that specimens reinforced with larger pitch of GFRP helix failed in a more
brittle and explosive manner and presented a faster rate of strength degradation after the
peak load compared to the specimens with smaller pitch of GFRP helix.

A close-up view of the crushed region of the beam specimens at failure has been shown
in Fig. 3.5. The letters “C” and “T” in Fig. 3.5 refer to the compression face and tension
face of the beam specimens, respectively. Initially, the specimens tested as beam (S60B,
G60B and G30B) were stiff and uncracked and with further loading, cracking occurred
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at midspan. The failure of the reference Specimen S60B was attributed to the rupture of
the steel bar in the tension region. For GFRP Specimens G60B and G30B, the failure
was initiated by the crushing of the concrete in the compression region and at the last
stage rupture of GFRP helices resulted in a typical sudden failure followed by a
substantial or total loss of the strength.

Fig. 3 .5: Failure modes of the beam specimens
3.5.2 Behaviour of specimens under concentric axial loads
The first specimen of each group was tested under monotonic axial compression. The
axial loads and the corresponding axial deformations are listed in Table 3.3. Fig. 3.6
shows the axial load-axial deformation behaviour of the concentrically loaded
specimens. There were two main points to note in the axial load-axial deformation
curves of the specimens: the first and the second peak loads. The first peak load
represents the maximum axial load sustained by the specimens prior to the spalling of
concrete cover. The second peak load represents the maximum axial load sustained by
the specimens after the concrete cover completely spalled off (load carried by the
confined core only). Specimens S60E0 and G60E0 did not show a second peak load,
whereas, Specimen G30E0 showed a second peak load which was higher than the first
peak load due to the confinement pressure provided by the closely spaced GFRP helix.

Both steel and GFRP-HSC specimens showed the same initial behaviour up to the first
peak load. The ascending parts of the axial load-axial deformation behaviour of the
tested specimens were almost linear up to the beginning of the concrete cover spalling.
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Table 3.2: Test results of specimens tested under concentric and eccentric axial load
Concentric axial load
Specimen

25 mm eccentric axial load

S60E0

G60E0

G30E25

S60E50

G60E50

G30E50

2596

2603

2339

1728

1551

1530

1143

990

947

2.7

2.9

2.6

2.7

2.5

2.5

2.8

2.4

2.3

2735

2721

2398

1771

1599

1572

1158

1023

958

Corresponding axial deformation (mm)

2.9

3.1

2.7

2.8

2.7

2.6

2.9

2.6

2.3

Second peak load (kN)

----

----

2593

----

----

----

----

----

----

Corresponding axial deformation (mm)

----

----

9.1

----

----

----

----

----

----

Ductility

3.7

2.6

5.0

3.5

3.4

4.6

3.4

3.8

4.3

Normalized ductility

1.0

0.7

1.3

1.0

0.9

1.3

1.0

1.1

1.2

Yield load (kN)*
Corresponding axial deformation (mm)
First peak load (kN)

G30E0 S60E25 G60E25

50 mm eccentric axial load

* Calculated based on Pessiki and Peironi (1997)
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Fig. 3 .6: Axial load-axial deformation behavior of the concentrically loaded specimens

The specimens were continuously monitored for the formation of cracks on the surface
of the concrete cover. All tested specimens exhibited similar crack patterns (crack
formation) under axial compressive loads during the test. Fig. 3.7 shows typical
cracking patterns (crack formation) of the test region of Specimen G60E0 at different
stages of loading during the test. These crack patterns are very similar to the crack
patterns observed in Specimens S60E0 and G30E0. It was observed that the surface of
the concrete cover was visually free of cracks until the specimens reached their first
peak load (Figs. 3.7a and 3.7b). The maximum axial load 𝑃𝑚𝑎𝑥

carried by the

reference Specimen S60E0 was 2735 kN. The maximum axial load sustained by the
Specimen G60E0 was 2721 kN, which is only 0.5% less than the maximum load
sustained by Specimen S60E0. However, the maximum axial load carried by Specimen
G30E0 was 2398 kN, which is 12% less than the maximum axial load carried by
Specimen S60E0. Early spalling of the concrete cover resulted in a lower strength of
Specimen G30E0 compared to the Specimens S60E0 and G60E0.
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Fig. 3 .7: Specimen G60E0 at different loading stages: (a) at the beginning of the test;
(b) after the first peak load; (c) spalling of the concrete cover and (d) after failure

It was observed that large pieces of the concrete cover of Specimen G30E0 were
separated from the core during the test which was an indication that the concrete cover
suffered a stability failure instead of a concrete crushing failure. The stability failure of
concrete cover occurred in Specimen G30E0 due to relatively closely spaced transverse
reinforcement that resulted in the formation of a natural separation plane between the
core and the cover. This plane of separation was initiated by the brittleness associated
with the HSC. From the readings of the strain gauges, it was found that the contribution
of the GFRP longitudinal bars was about 6.5% of the total carrying capacity of GFRP
bar reinforced HSC specimens at the first peak load. The contribution of the steel bars
was about 13.6% of the total carrying capacity of steel bar reinforced HSC specimen.

Steel and GFRP bar reinforced specimens exhibited a drop in the axial load carrying
capacity after the first peak load because of the spalling of the concrete cover.
Ozbakkaloglu and Saatcioglu (2004) reported that the drop in the axial load carrying
capacity after the first peak load is a function of the compressive strength of the
concrete and the ratio between the area of the core (𝐴𝑐𝑐 ) to the gross area (𝐴𝑔 ) of the
specimen, 𝐴𝑐𝑐 ⁄𝐴𝑔 . When the compressive strength increases or the ratio of the areas
decreases (cover thickness increases), the drop in the axial load carrying capacity
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increases. For the tested specimens, the drop in the axial load carrying capacity ranged
between 9-20% of the first peak load. The lower percentage of the drop in the axial load
carrying capacity was observed in the well-confined Specimen G30E0. After the drop in
the axial load carrying capacity, Specimen G30E0 sustained an axial load of 2196 kN,
while Specimen G60E0 sustained an axial load of 2186 kN (asterisk in Fig. 3.6). Up to
the first peak load, the lateral confinement had little or no effect on the strength of the
specimens due to relatively low lateral dilation of the concrete. However, after the
concrete cover spalled off, micro-cracking developed inside the core causing the core to
dilate and activate the lateral confining pressure by the helical reinforcement. After the
first peak load, the behaviour of the tested specimens differed depending on the
characteristics of the confined concrete core. As a result of the lateral confinement
pressure, the axial load-axial deformation curve of the tested specimens gained an
enhancement in the strength while the concrete cover gradually disappeared (Fig. 3.7c).
However, the post-peak axial load-axial deformation behaviour of Specimen G60E0
was characterized by a loss of about 50% of the total axial load carrying capacity
followed by a catastrophic failure immediately after the specimen reached the peak axial
load. For the well confined Specimen G30E0, it was found that the hoop strain in the
GFRP helix at the first peak load was less than 5% of the ultimate tensile strength.
However, after the cover spalled off the GFRP helix of Specimen G30E0 was fully
activated. As a result of the high tensile strength of the GFRP helix and the linear elastic
stress-strain relationship of the GFRP bars, Specimen G30E0 experienced a second
peak axial load higher than the first peak axial load (Fig. 3.6). The axial load carried by
Specimen G30E0 at the second peak was 2593 kN, which is about 8.0% higher than the
first peak axial load. Afterwards, crushing in the concrete core then buckling or rupture
of the longitudinal bars or rupture in the helices occurred and caused a total collapse of
the specimens (Fig. 3.7d).

The ductility of the tested specimens was calculated based on the areas under the loaddeformation curves. Ductility index denoted as 𝐼5 was used as an indication for the
ductility of the specimens. The ductility was obtained by dividing the area under the
load-deformation curve up to 3𝛿𝑦 to the area under the curve up to 𝛿𝑦 (Foster and
Attard 1997). The 𝛿𝑦 represents the yield deformation corresponding to the intersection
point of a horizontal line from the first peak load of the tested specimens and an
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extension line between the origin point and the point representing 0.75 times the first
peak load. The load corresponding to the yield deformation is defined as the yield load
which represents the approximate limit of the elastic behaviour of the specimens
(Pessiki and Peironi 1997). Specimen G60E0 exhibited about 30% lower ductility
compared to the reference Specimen S60E0. However, increasing the transverse
reinforcement in Specimen G30E0 resulted in a higher ductility of about 35% in
comparison with the reference Specimens S60E0. The ductility of the concentrically
loaded specimens is reported in Table 3.3.

3.5.3 Behaviour of specimens under eccentric axial loads
A total of six specimens (the second and third specimens of each group) were tested
under eccentric axial loads. Three specimens tested under 25 mm eccentric axial
compression (S60E25, G60E25 and G30E25) and three specimens tested under 50 mm
eccentric axial loads (S60E50, G60E50 and G30E50). In general, steel bar reinforced
HSC specimens tested under 25 mm and 50 mm eccentric axial loads showed one peak
load, which represented the maximum load carried by the specimen before the spalling
of concrete cover. Due to the high tensile strength of the GFRP helices compared to the
steel helices and the linear elastic stress-strain relationship of the GFRP helices, the
GFRP bar reinforced HSC specimens tested under 25 mm and 50 mm eccentric axial
load experienced a second peak load. However, the second peak load was lower than
the first peak load due to the axial load eccentricity.

Table 3.3 reports the experimental results for the specimens tested under eccentric axial
load with 25 mm eccentricity. Fig. 3.8a illustrates the axial load-axial deformation and
axial load-lateral deformation behaviour of the specimens tested under 25 mm eccentric
axial load. Similar to the concentrically loaded specimens, the ascending parts of the
axial load-axial deformation behaviour of the specimens tested under 25 mm eccentric
axial load showed an approximately linear behaviour up to the peak load. It was found
that at the first peak axial load, the position of the neutral axis for the specimens tested
under 25 mm eccentric axial load was near the tension side of the tested specimens.
Therefore, the cross-section of the specimens tested under 25 mm eccentric axial load
was still fully compressed and all the longitudinal bars were under compression. The
maximum load carried by the reference Specimen S60E25 was 1771 kN. The maximum
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load carried by Specimen G60E25 was 1599 kN, about 10% less than the Specimen
S60E25. The maximum axial load sustained by Specimen G30E25 was 1572 kN, which
is 1.6% less than the Specimen G60E25.
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Fig. 3 .8: Axial load-axial deformation and axial load-lateral deformation behavior of
the specimens tested under: (a) 25 mm eccentric axial load and (b) 50 mm eccentric
axial load
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Despite the premature spalling of the concrete cover for Specimen G30E25 occurred
due to the stability failure of the concrete cover, the effect of the premature concrete
cover spalling on the total axial load carrying capacity of Specimen G30E25 was not
significant compared to Specimen G30E0, which was tested under concentric axial load.
The reason for such an insignificant effect is attributed to the tendency of concrete cover
on the compression side of Specimen G30E25 to buckle towards the core when
subjected to eccentric axial load and, hence, the concrete cover was constrained against
buckling.

After the peak load, the spalling of the concrete cover was more gradual for the
specimens tested under 25 mm eccentric axial loads than for the concentrically loaded
specimens. Firstly, the cover spalled off at the compression face of each specimen after
the peak load. At latter stages of loading the cracks in the concrete cover extended to
the faces at the sides accompanied by cracking at the tension face. The drop in the axial
load carrying capacity of specimens resulting from the spalling of the concrete cover
after peak load varied from 14% to 19% of the peak load. The axial load sustained by
Specimen G60E25 after the cover spalling was 1294 kN, while Specimen G30E25
carried 1338 kN after the cover spalling. This clearly demonstrates the effect of the
lateral confinement on the strength of the concrete core of the specimens. After the
concrete cover spalled off, Specimens S60E25 and G60E25 did not exhibit an increase
in the axial load carrying capacity due to the inadequately confined concrete core which
was insufficient to compensate for the loss of the concrete cover in both specimens. The
reduced pitch of the helix in Specimen G30E25 resulted in an enhancement in the postpeak axial load-axial deformation behaviour compared to Specimens S60E25 and
G60E25. Specimen G30E25 showed an increase in the axial load carrying capacity
which contributed to the compensation of about 50% of the drop in the axial load
carrying capacity resulted from the spalling of the concrete cover. In the post-peak
region, the reference Specimen S60E25 showed a gradual decrease in the axial load
carrying capacity until failure at a corresponding axial deformation of 15.16 mm.
However, Specimens G60E25 and G30E25 sustained an almost constant axial load of
about 66% and 89% of their peak axial loads, respectively. Similar behaviour was
reported in Lignola et al. (2007) for eccentrically loaded CFRP sheet confined normal
strength concrete columns. Specimens G60E25 and G30E25 continued to carry the axial
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load until failure at corresponding axial deformations of 8.31 mm and 10.17 mm,
respectively. This behaviour reflects the efficiency of the GFRP helices in confining
HSC columns.

The test results of specimens tested under 50 mm eccentric axial load are presented in
Table 3.3.The axial load-axial deformation behaviour of specimens tested under 50 mm
eccentric axial loads is shown in Fig. 3.8b. The axial load-lateral deformation behaviour
for these specimens is also shown in Fig. 3.8b. Unlike the specimens tested under
concentric and 25 mm eccentric loads, the axial load-axial deformation curves of the
specimens tested under 50 mm eccentric axial load are slightly curved in the ascending
portions up to the peak load. As the eccentricity of the axial load increased to 50 mm,
the neutral axis drifted towards the middle of the cross-section of the specimens. As a
result, half of the longitudinal bars were under tension and half of the longitudinal bars
were under compression. Increasing the load eccentricity to 50 mm also resulted in a
decrease in the peak load of the specimens and an increase in the lateral deformation at
failure. The maximum axial load carried by the control Specimen S60E50 was 1158 kN.
The axial load sustained by Specimens G60E50 was 1023 kN, which is about 12% less
than S60E50. The total axial load carrying capacity of Specimen G30E50 was 958 kN.
The axial load carried by Specimens G60E0, G60E25 and G60E50 at the first peak was
0.5, 10 and 12% less than the axial load carried by Specimens S60E0, S60E25, S60E50,
respectively. This indicated that the capability of GFRP bar reinforced HSC specimens
in carrying axial loads decreased as the load eccentricity increased. Also, the drop in the
axial load carrying capacity after peak load increased as the load eccentricity increased.
Specimens S60E50 and G30E50 exhibited a drop in the axial load carrying capacity of
about 20 and 22%, respectively, while a significant drop of 33% in the axial load
carrying capacity was experienced by Specimen G60E50. In the post-peak region, the
control specimen showed similar behaviour to the specimen tested under 25 mm
eccentric axial load (Specimen S60E25), with a gradual decrease in the sustained load
up to the failure due to helix rupture. In contrast, both Specimens G60E50 and G30E50
exhibited a slight increase in the axial load up to the failure. The concentrically loaded
Specimens G30E0 exhibited a second peak load, whereas Specimens G30E25 and
G30E50 showed no second peak load. This was an indication that the efficiency of the
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GFRP helices in confining HSC columns also decreased with increasing the axial load
eccentricity.

As the eccentricity of the axial load increased (that is, neutral axis drifted to inside the
section of the tested specimens), it was observed that Specimens G60E25 and G60E50
achieved relatively greater ductility compared to the concentrically loaded Specimen
G60E0 due to the tensile strength of the GFRP bars. In contrast, the ductility of the
Specimens S60E25 and S60E50 was slightly lower than the ductility of the
concentrically loaded Specimen S60E0 even though the eccentricity of the axial load
was increased. This observation could be explained by taking into consideration the
effect of the buckling of the longitudinal steel bars which is particularly significant for
specimens tested under axial loads with small eccentricities. It was also found that
reducing the pitch of the transverse reinforcement in the GFRP Specimens G30E25 and
G30E50 increased the ductility of these specimens by about 32 and 25% compared to
the reference Specimens S60E25 and S60E50, respectively, as shown in Table 3.3.

3.5.3 Behaviour of specimens under four-point loading
The last specimen of each group was tested as a beam under four-point loading over a
clear span (𝑙) of 700 mm with a shear span of 233.3 mm. It is noted that the response of
the beam specimens might not be due to the pure bending, as the shear span-to-depth
ratio of specimens was less than 1.5. However, the dimensions of the specimens tested
under four-point loading were kept the same as the other specimens tested under
concentric and eccentric axial loads for uniformity and consistency. Due to the high
tensile strength of the GFRP bars and the relatively small span-to-depth ratio of the
tested specimens, two layers of CFRP sheets were applied in the shear span of
Specimens G60B and G30B to avoid shear failure and to minimize the effect of the
shear-induced deflection at midspan. CFRP sheets were also applied in the shear span of
the control Specimen S60B to ensure consistent comparisons with the GFRP reinforced
HSC specimens. It was observed that the initial branch of the load-deflection behavior
of both steel and GFRP bar reinforced specimens was approximately linear up to the
peak load. The reference Specimen S60B experienced one peak load with a maximum
load of 309 kN. Specimen G60B exhibited two peak loads, the maximum load at the
first peak was 321 kN which is about 4% higher than the maximum load of the
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Specimen S60B. Beyond the first peak load, Specimen G60B showed an almost linear
post-peak axial load-axial deformation behaviour and reached a second peak load due to
the high tensile strength and the elastic stress-strain relationship of the GFRP bars and
GFRP helix.

Table 3.3: Test results of specimens tested under four-point loading
Specimen

S60B

G60B

G30B

Yield load (kN)*

290

311

336

Corresponding midspan deformation (mm)

6.5

6.6

7.2

First peak load (kN)

309

321

350

Corresponding midspan deformation (mm)

7.5

6.8

7.6

Second peak load (kN)

----

517

637

Corresponding midspan deformation (mm)

----

16.9

19.6

Ductility

4.9

5.5

6.5

Normalized ductility

1.0

1.1

1.3

* Calculated based on Pessiki and Peironi (1997)

The maximum load sustained by Specimen G60B at the second peak was 517 kN.
Specimen G30B exhibited similar load-deflection behaviour as in Specimen G60B.
However, reducing the pitch of the GFRP helix resulted in an increase of about 9 and
23% in the first and the second peak loads, respectively, compared to the Specimen
G60B. The GFRP bar reinforced HSC specimens experienced an almost linear loadlongitudinal bar strain relationships up to failure regardless the pitch of the transverse
GFRP helices. Similar observation was also reported in Ali et al. (2016). The strain in
the longitudinal GFRP bars and the hoop strain in the GFRP helices measured at
ultimate load indicated that the failure of the GFRP bar reinforced HSC specimens
occurred due to the rupture of the GFRP helices rather than the rupture of GFRP bars.
The ductility of Specimens G60B and G30B was higher than the ductility of the
reference Specimen S60B by about 12 and 32%, respectively. Table 3.4 summarizes the
results of the flexural tests. The load-midspan deflection behaviour of the tested
specimens tested under four-point loading is shown in Fig. 3.9.
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Fig. 3 .9: Load-midspan deflection behavior of the specimens tested under four-point
loading

3.6 Interaction diagrams
In this study, the experimental axial load-bending moment (𝑃– 𝑀) interaction diagrams
were plotted for Groups S60, G60 and G30. Four points were used to draw the 𝑃– 𝑀
curve for each group of specimens. Each point consists of two components: the axial
load and the corresponding bending moment. The first point on the 𝑃– 𝑀 curve
represents the specimen subjected to a concentric axial load. The second and the third
points represent specimens tested under 25 and 50 mm eccentric axial load,
respectively. The fourth point represents the specimen tested under four-point loading.
Most of the specimens tested in this study (especially the specimens tested under
eccentric axial loads) showed no second peak load greater than the first peak load.
Therefore, the first peak load was considered the maximum axial load carrying capacity
for the design purposes. Thus, the first peak load sustained by the tested specimens
under different loading conditions was used in establishing the 𝑃– 𝑀 interaction
diagrams. It is noted that reducing the pitch of the GFRP helices did not considerably
change the 𝑃– 𝑀 interaction diagrams of the GFRP-HSC specimens since the passive
confinement provided by the GFRP helices at the first peak load was not activated
considerably. However, using the first peak load in establishing the 𝑃– 𝑀 interaction
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diagrams of the GFRP-HSC specimens is considered safer especially for GFRP-HSC
specimens subjected to a combination of axial compression load and bending moment
(eccentric axial load). The axial load was recorded by the testing machine. For
eccentrically loaded specimens, the bending moment, including the secondary moment
was calculated by Eq. 3.1. For specimens tested as beams, the value of the bending
moment was calculated by Eq. 3.2.

𝑀 = 𝑃(𝑒 + 𝛿)
𝑀=

𝑃𝑙
6

(3.1)

(3.2)

where 𝑃 is the first peak load and 𝛿 is the corresponding lateral deformation, 𝑒 is the
load eccentricity and 𝑙 is the clear span between the supports of the beam specimens.

It was observed that specimens reinforced with conventional steel bars experienced
higher axial load and moment capacity under concentric and eccentric axial loads
compared to GFRP bar reinforced specimens due to the greater elasticity modulus of the
steel reinforcement. The peak axial load-bending moment diagram of Group G30 was
lower than Group G60 under concentric and eccentric loads due to the early spalling of
the concrete cover which led to lower than anticipated axial load carrying capacity.
Similar observation was reported in Cusson and Paultre (1994) and Foster et al. (1998).
GFRP specimens (G60B and G30B) experienced higher bending moment capacity
under four-point loading. Fig. 3.10 shows the experimental axial load-bending moment
(𝑃– 𝑀) interaction diagrams of the Groups S60, G60 and G30.

The analytical axial load-bending moment diagrams of the GFRP bar reinforced HSC
circular specimens were developed using a layer-by-layer integration technique. The
interaction diagrams of the GFRP-HSC specimens were established based on the same
assumptions adopted for steel bar reinforced concrete sections: the strength of the
concrete in tension is neglected and a perfect bond exists between the concrete and the
embedded GFRP bars. Sections orthogonal to the axis of the bending are plane prior and
after bending. Hence, the strain along the cross-section of the specimen and the strain in
the reinforcement layers are proportional to the depth of the natural axis.
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Fig. 3 .10: Experimental axial load-bending moment (𝑃– 𝑀) interaction diagrams

The cross-section of the GFRP bar reinforced HSC specimens was firstly divided into
𝑛 number of small concrete strips 𝑠𝑖 having a length of 𝑏𝑠𝑖 and a width of ℎ⁄𝑛 as
shown in Fig. 3.11, where ℎ is the cross-section diameter of the GFRP bar reinforced
HSC specimens. Afterwards, the concrete strain 𝜀𝑐,𝑠𝑖 at the center of each single
concrete strip 𝑑𝑐,𝑠𝑖 and the GFRP reinforcement strain 𝜀𝑓,𝑖 at the center of each
reinforcement layer 𝑑𝑓,𝑖 were determined assuming a linear strain distribution along the
cross-section of the specimens, as mentioned above. The ultimate compressive strain of
the concrete 𝜀𝑢 at the extreme compression fiber of the specimen cross-section was
taken equal to 0.003 according to ACI 318-14 (ACI 2014). A linear elastic stress-strain
relationship was used in calculating the stresses in each GFRP reinforcement layer 𝑓𝑓,𝑖 .
Thorenfeldt et al. (1987) developed an unconfined concrete stress-strain relationship for
concrete with compressive strength ranging between 15 to 125 MPa based on a model
proposed by Popovics (1973). The stress-strain model proposed by Thorenfeldt et al.
(1987) was used in computing the stresses in each concrete strips 𝑓𝑐,𝑠𝑖 as:

63

`

𝑓𝑐′ 𝑥𝑟
𝑓𝑐 =
𝑟 − 1 + 𝑥 𝑘𝑟

𝑥=

𝜀𝑐
𝜀𝑐𝑜

(3.3)

(3.4)

where 𝑓𝑐 and 𝜀𝑐 are the compressive stress and the corresponding strain of the concrete.
The 𝑓𝑐′ represents the maximum compressive strength of the concrete obtained from
′
testing concrete cylinders. In this study, the unconfined concrete strength 𝑓𝑐𝑜
= 0.85𝑓𝑐′

was used instead of the cylinder concrete compressive strength 𝑓𝑐′ . The 𝜀𝑐𝑜 represents
the unconfined concrete strain. The 𝑟 is the concrete stress-strain curve fitting factor,
while 𝑘 is a factor that controls the slope of the ascending and the descending parts of
the concrete stress strain curve. The values of 𝜀𝑐𝑜 , 𝑟 and 𝑘 were determined using Eq.
3.5 through Eq. 3.8 according to Collins and Mitchell (1991):
𝑓𝑐′
𝑟
(
)
𝐸𝑐 𝑟 − 1

(3.5)

𝑓𝑐′
𝑟 = 0.8 + ( )
17

(3.6)

𝑘 = 1.0

(3.7)

𝑓𝑐′
𝑘 = 0.67 + ( ) ≥ 1.0
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(3.8)

𝜀𝑐𝑜 =

For (𝜀𝑐 ⁄𝜀0 ) ≤ 1.0,

For (𝜀𝑐 ⁄𝜀0 ) greater than 1.0

The elastic modulus of the HSC was obtained from Eq. 3.9 (ACI 363-10 (ACI 2010).
𝐸𝑐 = 3.32√𝑓𝑐′ + 6.9 (in GPa)
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Fig. 3 .11: Stress-strain distribution for 𝑃– 𝑀 interactions of GFRP-HSC cross-section using layer-by-layer integration
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Afterwards, the stresses were integrated over the entire cross-sectional area to compute
the resultant force in each concrete strips 𝐶𝑠𝑖 and in each GFRP reinforcement layer 𝐹𝑓,𝑖
and the corresponding bending moment. For precise results, the width of the concrete
strips should be considerably small. In this study, the width of the concrete strips was
taken equal to 1 mm. The approach explained above was also used in establishing the
interaction diagram of the reference steel bar reinforced HSC specimens in Group S60,
assuming that the stress-strain relationship of the steel longitudinal bars is elastic-plastic
until the failure.

Since the behaviour of the FRP bars under compression load is complicated, the
CAN/CSA S806-12 (CSA 2012) recommended neglecting the contribution of the FRP
bars when used as longitudinal reinforcement in concrete columns. The ACI 440.1R-15
(ACI 2015) provided no guidelines in that regard as mentioned above. In this study, the
contribution of the GFRP longitudinal bars was taken into account when establishing
the 𝑃– 𝑀 interaction diagrams in order to further investigate the effect of GFRP bars on
the strength capacity of the GFRP-HSC columns. Fig. 3.12 compares the analytical and
the experiment 𝑃– 𝑀 interaction diagrams for the GFRP and steel bar reinforced
specimens tested in this study. It was found that the analytical results of the specimens
tested under concentric and eccentric axial loads were in good agreement with the
experimental results when the contribution of the GFRP bars located in the compression
region was taken into consideration. The experimental bending moments of the
specimens tested under four-point loading were relatively greater than the calculated
bending moments. The difference between the predicted and the experimental bending
moments of the specimens tested under four-point loading was attributed to the fact that
the response of the specimens might not be due to the pure bending, as the shear spanto-depth ratio of the specimens was less than 1.5.
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Fig. 3 .12: Experimental and analytical axial load-bending moment (𝑃– 𝑀) interaction
diagrams for: (a) Group S60; (b) Group G60 and (c) Group G30
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3.7 Conclusions
This research study is part of an ongoing research program at the University of
Wollongong, Australia that aims to investigate the complex mechanisms of the NSC
and HSC members reinforced with different types of FRP bars under static and dynamic
impact loads. This study reported the results of twelve HSC column specimens
reinforced longitudinally with GFRP bars and confined transversely with GFRP helices
tested under concentric and eccentric axial load as well as four-point loading. Based on
the test results, the following conclusions can be drawn:
1.

It was found that GFRP bar reinforced HSC specimen sustained similar axial load
under concentric axial compression compared to HSC specimen reinforced with the
same amount of steel reinforcement. However, the efficiency of the GFRP bar
reinforced HSC specimens in sustaining axial load decreased by about 12% for the
change in the loading condition from concentric to 50 mm eccentric axial load.

2.

It was observed that the contribution of the GFRP longitudinal bars in the total
carrying capacity of GFRP bar reinforced HSC specimens was about half the
contribution of the steel bars in total carrying capacity of steel bar reinforced HSC
specimen under concentric axial load. It was also found that the analytical and the
experimental results were in good agreement when the load sustained by the GFRP
bars located in the compression region was taken into account.

3.

Under axial compression, the direct replacement of steel bars with the same amount
of GFRP bars resulted in a loss of about 50% in the total axial load carrying
capacity followed by a catastrophic failure immediately after the specimen reached
the peak axial load.

4.

Group G60 specimens showed no second peak load under concentric and eccentric
axial loads. For Group G30, specimen tested under concentric axial load
experienced a second peak load greater than the first peak load. However, Group
G30 specimens tested under 25 and 50 mm eccentric axial load experienced no
second peak load which was an indication that the efficiency of GFRP helices in
confining HSC columns decreased with increasing the loading eccentricity.

5.

The direct replacement of the steel reinforcement by the same amount of GFRP
reinforcement resulted in about 30% reduction in the ductility of the concentrically
loaded GFRP-HSC specimen compared to the steel counterpart. However, under
eccentric axial loads it was found that the ductility of GFRP-HSC specimens was
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relatively greater than the ductility of the HSC specimens reinforced with the same
amount of steel reinforcement.
6.

The ductility and the post-peak axial load-axial deformation behaviour of the GFRP
bar reinforced HSC specimens can be improved significantly by providing closely
spaced GFRP helices. However, GFRP bar reinforced HSC specimens may
experience premature spalling (instability failure) of the concrete cover depending
on the configuration of the transverse reinforcement and the thickness of the
concrete cover.

Above conclusions are based on the experimental investigation results of 12 circular
high strength concrete specimens 210 mm in diameter and 800 mm in height having
height to diameter ratio of 3.8. The size effect of the specimens on the experimental
investigations has not been considered. Hence, the above conclusions should be
translated with cautions for circular high strength concrete specimens with height to
diameter ratio other than 3.8.
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Preamble
In the last few decades, a number of research studies was conducted to investigate the
behaviour of concrete columns reinforced with fibre-reinforced polymer (FRP) bars.
The majority of these studies were focused on the behaviour of FRP bar reinforced
normal strength concrete (NSC) columns. Although the behaviour of NSC columns is
significantly different than the behaviour of high strength concrete (HSC) columns, the
differences in the structural behaviour between FRP bar reinforced HSC columns and
FRP bar reinforced NSC columns have been given a little attention.

In this chapter, the structural behaviour of the twelve steel and Glass-FRP (GFRP) bar
reinforced HSC column specimens presented in Chapter Three was comprehensively
compared with the structural behaviour of twelve steel and GFRP bar reinforced NSC
column specimens taken from the available literature. The aim of this comparison is to
thoroughly investigate the influence of increasing the compressive strength of concrete
on the overall performance of GFRP bar reinforced concrete columns under axial and
flexural loads.
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4.1 Abstract
Reinforcing concrete members with Fibre-Reinforced Polymer (FRP) bars has been the
focus of several recent research studies. Yet, only a small number of these research
studies investigated the behaviour of FRP bar reinforced concrete columns. This study
presents a comprehensive experimental and analytical comparison between the
structural behaviour of circular normal strength concrete (NSC) and high strength
concrete (HSC) specimens reinforced longitudinally with Glass Fibre-Reinforced
Polymer (GFRP) bars and transversely confined with GFRP helices. The test parameters
were: 1) concrete strength; 2) type of the reinforcement (steel or GFRP); 3) pitch of the
transverse GFRP helices and 5) loading condition. The results revealed that the
contribution of the GFRP bars was about half of the contribution of the steel bars in the
total load carrying capacity of both NSC and HSC specimens. It was also observed that
the confinement efficiency of the GFRP helices was better than the confinement
efficiency of the steel helices. However, the confinement efficiency of the GFRP helices
decreased with the increase in the concrete strength or the eccentricity of the applied
axial load.

4.2 Introduction
In marine structures or structures located in moist atmospheres and aggressive areas,
steel reinforcing bars are vulnerable to corrosion, especially steel reinforcing bars
located close to the surface of the concrete members (i.e., steel helices and steel
stirrups). The corrosion of the steel bars causes huge maintenance cost and in some
cases leads to severe damages to the concrete structures. Different techniques, albeit
expensive, were adopted to protect steel bars from corrosion such as epoxy or zinc
coating and cathodic protection. In extreme circumstances, stainless or galvanized steel
bars were used. However, none of these techniques fully eliminated the problems
associated with the corrosion of the steel reinforcement. Consequently, the use of the
Fibre-Reinforced Polymer (FRP) bars in reinforcing concrete structures, especially
those located in coastal regions or harsh environs, has been growing in the recent years.
This is particularly because FRP bars do not corrode and hence significantly contribute
in overcoming the deterioration problem of the concrete structures due to the corrosion
of the steel bars.
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The FRP bars possess many beneficial features, including high tensile strength, light
weight, and electromagnetic insulation properties, in addition to their corrosion
resistance. Recently, the use of the FRP bars, as more durable and corrosion-resistant
bars, in reinforcing concrete structures, instead of steel bars, became an attractive
research topic. In the last two decades, the response of concrete flexural members
(beams, slabs and bridge decks) reinforced with FRP bars was thoroughly investigated
in many research studies [1-2]. Based on these studies, comprehensive guidelines for
the design of FRP bar reinforced concrete flexural members have been developed, such
as CAN/CSA S806-12 [3] and ACI 440.1R-15 [4]. On the other hand, testing FRP bars
in compression is typically complex [5]. This is because the internal fibres of the FRP
bars often suffer from micro-buckling when FRP bars are loaded in compression [6].
Because of the difficulties in fully understanding the compression response of the FRP
bars, CAN/CSA S806-12 [3] recommends neglecting the compressive resistance
provided by the FRP bars when FRP bars are used as longitudinal reinforcement in
concrete compression members or when FRP bars are located in the compression region
of the concrete flexural members. Besides, no guidelines or design equations for the
FRP bar reinforced concrete compression members are provided in the ACI 440.1R-15
[4].
In order to investigate the structural behaviour of the FRP bar reinforced concrete
compression members and the response of the FRP bars when subjected to axial
compression, a number of experimental studies were performed [7-10]. There is a
consensus that the compressive strength of the FRP bars is considerably low, which is
about 30-77% of the tensile strength [11-13]. It was also reported that the axial load
carrying capacity of the FRP bar reinforced concrete columns is about 5-13% lower
than the axial load carrying capacity of the concrete columns reinforced with the same
amount of steel reinforcement [14-15]. Moreover, it was found that the FRP bars as
longitudinal reinforcement contributed in about 5-15% of the total axial load carrying
capacity of the concrete columns, whereas the contribution of the same amount of steel
longitudinal bars ranged between 12 and 16% of the total axial load sustained by the
concrete columns [5, 16-19]. However, some limitations in the previous research studies
are evident. These limitations can be summarized as:
1. The majority of the previous research studies on FRP (Aramid, Carbon and Glass
FRP) bar reinforced concrete columns are limited to columns constructed using
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normal strength concrete (NSC) with compressive strengths of less than 55 MPa. The
findings obtained from such studies might not be valid for FRP bar reinforced high
strength concrete (HSC) columns since the behaviour of HSC columns is
significantly different from the behaviour of NSC columns [20-22].
2. The concrete columns in concrete structures are usually subjected to eccentric axial
loads (concentric load accompanied by bending moment) rather than pure concentric
loads. However, only few studies, so far, reported experimental results on FRP bar
reinforced concrete columns subjected to eccentric axial loads [23-24]. Majority of
the studies were limited to investigating the behaviour of FRP bar reinforced
concrete columns subjected to concentric axial compression.
3. The majority of the previous research studies investigated the behaviour of square or
rectangular columns reinforced longitudinally and transversely with FRP bars and
stirrups, respectively. Only few studies investigated the behaviour of circular
concrete columns reinforced with FRP longitudinal bars and transverse FRP helices
[4, 10].
4. The differences between the behaviour of FRP bar reinforced NSC and HSC
columns in terms of ductility and axial load carrying capacity under axial and
flexural loads have not been well addressed.

This study investigates the behaviour of Glass Fibre-Reinforced Polymer (GFRP) bar
reinforced circular NSC and HSC specimens under different loading conditions. It also
compares the behaviour of GFRP bar reinforced circular NSC and HSC specimens with
the behaviour of conventional steel bar reinforced circular NSC and HSC specimens.

4.3 Research significance
This study presents a comprehensive experimental and analytical comparison between
the behaviour of NSC and HSC specimens reinforced longitudinally with GFRP bars
and confined with transverse GFRP helices under concentric and eccentric axial loads as
well as four-point bending. The observations of this study can contribute in establishing
design guidelines for FRP bar reinforced NSC and HSC compression members.
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4.4 Experimental program
The experimental part of this study consisted of 24 circular normal strength concrete
(NSC) and high strength concrete (HSC) specimens (Table 4.1). Eight of the tested
specimens (four NSC specimens and four HSC specimens) were reinforced
longitudinally and transversely with steel bars and steel helices, respectively. The rest of
the specimens (eight NSC specimens and eight HSC specimens) were reinforced
longitudinally with GFRP bars and transversely with GFRP helices. All the specimens
were 800 mm in height. The NSC specimens were 205 mm in diameter and the HSC
specimens were 210 mm in diameter. The dimensions of the tested specimens were
chosen to suit the available facilities, conditions and the capacity of the laboratory
compression testing set up. The full description of the tested specimens can be found in
Hadi et al. [9] and in Hadi et al. [25]. The test data reported in Hadi et al. [9] and in
Hadi et al. [25] were extensively analysed in this study. Besides, the differences
between the GFRP bar reinforced NSC and HSC specimens were thoroughly assessed
in terms of the load carrying capacity, ductility and the post-peak axial load-axial
deformation behaviour of the specimens. The confinement efficiency of the GFRP
helices in both NSC and HSC specimens were also assessed. In addition, the feasibility
of using the current analytical tools, used for steel bar reinforced members, in predicting
the axial load and the corresponding bending moment resistances of the GFRP bar
reinforced NSC and HSC specimens were discussed in this study. For the completeness
of this paper, a brief description of the experimental program reported in Hadi et al. [9]
and in Hadi et al. [25] is provided in the following sections.

4.5 Material properties
4.5.1 Concrete
Two different concrete batches: ready-mixed normal strength concrete (NSC) and
ready-mixed high strength concrete (HSC) provided by a local company were used in
casting the specimens. The maximum aggregate size used in both NSC and HSC mixes
was 10 mm.
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Table 4.1: Test matrix
Group Specimen

NS60

HS60

NG60

HG60

NG30

HG30

NS60E0
NS60E25
NS60E50
NS60B
HS60E0
HS60E25
HS60E50
HS60B
NG60E0
NG60E25
NG60E50
NG60B
HG60E0
HG60E25
HG60E50
HG60B
NG30E0
NG30E25
NG30E50
NG30B
HG30E0
HG30E25
HG30E50
HG30B

Reinforcement
Type
Steel

Longitudinal
reinforcement
No. and Size
6 N12

Transverse reinforcement

Steel

6 N12

R10

60 mm

85 MPa

GFRP

6 No.4

No. 3

60 mm

37 MPa

GFRP

6 No.4

No. 3

60 mm

85 MPa

GFRP

6 No.4

No. 3

30 mm

37 MPa

GFRP

6 No.4

No. 3

30 mm

85 MPa

Size
R10

Helix pitch
60 mm
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Compressive
strength of
concrete

Loading eccentricity

37 MPa

0
25 mm
50 mm
four-point bending
0
25 mm
50 mm
four-point bending
0
25 mm
50 mm
four-point bending
0
25 mm
50 mm
four-point bending
0
25 mm
50 mm
four-point bending
0
25 mm
50 mm
four-point bending
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For each mix, at least three 100 × 200 mm concrete cylinders were tested under axial
compression to determine the compressive strength 𝑓𝑐′ of the concrete according to AS
1012.9-14 [26]. The average 28-day compressive strengths of the NSC and HSC were
37 and 85 MPa with a coefficient of variation of 4% and 2.3%, respectively (Table 4.1).

4.5.2 Steel reinforcement
Deformed steel reinforcing bars N12 (bar diameter 𝑑𝑏 = 12 mm, bar cross-sectional
area 𝐴𝑏 = 113 mm2 and specified yield tensile strength 𝑓𝑦 = 550 MPa) were used as
longitudinal reinforcement for the steel bar reinforced concrete specimens. The
transverse steel helices were fabricated using plain R10 steel bars (𝑑𝑏 = 10 mm, 𝐴𝑏 =
78.5 mm2 and 𝑓𝑦 = 400 MPa). The tensile stress-strain behaviour of the longitudinal
and transverse steel reinforcement were obtained from testing at least three samples of
N12 and three samples of R10 steel reinforcing bars according to AS 1391-07 [27]. The
average yield tensile strength 𝑓𝑦 , corresponding tensile strain 𝜀𝑠 and the elastic
modulus 𝐸𝑠 of the N12 and R10 reinforcing steel bars are reported in Table 4.2.
Table 4.2: Mechanical properties of steel reinforcing bars
Bar
size

Diameter of
the bar
(mm)

Area of
the bar
(mm2)

Yield Tensile
Strength
(MPa)

R10
N12

10
12

78.5
113

400 ∓ 20
550 ∓ 50

Strain
corresponding
to yield tensile
strength (%)
0.21∓ 0.01
0.27 ∓ 0.03

Elastic
modulus
(GPa)
190
200

4.5.3 GFRP reinforcement
Two different sizes of GFRP reinforcing bars: No. 4 GFRP bars (𝑑𝑏 = 12.7 mm, 𝐴𝑏 =
127 mm2 and ultimate tensile strength 𝑓𝑓𝑢 = 1600 MPa) and No. 3 GFRP bars (𝑑𝑏 =
9.5 mm, 𝐴𝑏 = 71 mm2 and 𝑓𝑓𝑢 = 1750 MPa) were used in reinforcing the GFRP bar
reinforced concrete specimens in the longitudinal and transverse directions,
respectively. The GFRP reinforcing bars were provided by V-Rod, Australia [28]. The
GFRP bars had sand coated surface for enhanced bond strength between the GFRP
reinforcing bars and the concrete. For each size of GFRP bars, at least five samples
were tested under uniaxial tension to determine the mechanical properties of the GFRP
bars according to ASTM D7205-11 [29]. The ultimate tensile strength 𝑓𝑓𝑢 ,
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corresponding tensile strain 𝜀𝑓 and the elastic modulus 𝐸𝑓 of the GFRP reinforcing bars
are presented in Table 4.3.

Table 4.3: Mechanical properties of GFRP reinforcing bars
Bar
size

Nominal
diameter
(mm)

Cross-sectional
area (mm2)

Ultimate tensile
strength (MPa)

Tensile rupture
strain (%)

Elastic
modulus
(GPa)

#3

9.5

70.9

1750 ∓ 50

2.25 ∓ 0.05

76.5∓0.5

#4

12.7

126.7

1600 ∓ 50

2.35 ∓ 0.05

66.5∓0.5

4.6 Text matrix and test setup
Table 4.1 presents the test matrix of the tested specimens. Fig. 4.1 shows the
dimensions and the reinforcement details of the tested specimens. The test matrix was
designed to investigate the effects of the reinforcement type (steel and GFRP),
compressive strength of concrete and the pitch of the transverse reinforcement on the
response of the NSC and HSC specimens under concentric and eccentric axial loads as
well as four-point bending. Each specimen was identified with a designation that
consists of a series of letters and numbers. The first letter in each specimen designation
refers to the type of the concrete used in casting the specimen, where “N” refers to
normal strength concrete (NSC) and “H” refers to high strength concrete (HSC). The
second letter in each specimen designation stands for the reinforcement type, where “S”
and “G” refer to the steel and GFRP reinforcement, respectively. The first numbers in
each specimen designation refer to the pitch of the transverse helices. The last letter and
the followed number stand for the applied load condition, where “E0”, “E25” and “E50”
refer to concentric axial load, 25 mm eccentric axial load and 50 mm eccentric axial
load, respectively. The letter “B” stands for the four-point bending.

The tested specimens were divided into six groups (NS60, HS60, NG60, HG60, NG30
and HG30) with four specimens in each group. Three specimens in each group were
tested as columns under concentric axial load, 25 mm eccentric axial load and 50 mm
eccentric axial load and one specimen was tested as a beam under four-point bending.
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Fig. 4 .1: Dimensions and reinforcement details of the tested specimens
83

`

The specimens in the first and the second groups (NS60 and HS60) were reinforced
longitudinally with six N12 steel reinforcing bars and transversely with R10 steel
helices having 60 mm pitch. The steel bar reinforced specimens in Groups NS60 and
HS60 were considered as control specimens and were designed to fulfil the
requirements of the ACI 318-14 [30]. The specimens in the third and the fourth groups
(NG60 and HG60) were reinforced longitudinally with six No. 4 GFRP longitudinal
bars and transversely with No. 3 GFRP helices having 60 mm pitch. The specimens in
Groups NG60 and HG60 were designed to investigate the effect of replacing the steel
reinforcement with same amount of GFRP reinforcement on the performance of NSC
and HSC specimens. The specimens in the last two groups (NG30 and HG30) were
reinforced with six No. 4 GFRP bars in the longitudinal direction and with No. 3 GFRP
helices having 30 mm pitch in the transverse direction. The specimens in Groups NG30
and HG30 were designed to investigate the effect of the pitch of the GFRP helices on
the ductility and the post-peak axial load-axial deformation behaviour of the NSC and
HSC specimens.

The hoop strain in the steel and GFRP helices and the axial strain in the steel and GFRP
longitudinal bars were measured using four electrical resistance strain gauges attached
to the reinforcement cage at the mid-height of each specimen. A pair of steel loading
heads was used to apply the concentric and the eccentric axial loads (Fig. 4.2). Besides,
a pair of four-point bending steel rigs was used in testing the beam specimens. The total
span of the specimen tested under four-point bending was 700 mm and the distance
between the loads was 233 mm, as shown in Fig. 4.2. All the specimens were tested at
the University of Wollongong, Australia, using a Denison compression testing machine
having 5000 kN compressive capacity at a displacement-controlled loading rate of 0.005
mm/s. During the test, the applied load was captured by the load cell of the testing
machine, whereas the axial deformation was captured by using two linear variable
differential transformers (LVDTs) fixed to the heads of the testing machine, which were
located at two opposite corners of the specimen. The mid-height lateral displacement of
specimens tested as columns under eccentric axial load and the midspan deflection of
the specimens tested as beams were captured using a laser triangulation. The details of
full instrumentations and testing procedures can be found in Hadi et al. [9] and in Hadi
et al. [25].
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(a)

(b)

Fig. 4 .2: Testing setup: (a) specimen under axial compression and (b) specimen under
four-point bending
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4.7 Experimental results and discussion
4.7.1 Behaviour of specimens tested under concentric axial loads
The specimens tested under concentric axial load included one steel bar reinforced NSC
specimen (Specimen NS60E0), one steel bar reinforced HSC specimen (Specimen
HS60E0),

two GFRP bar reinforced NSC specimens (Specimen NG60E0 and

Specimen NG30E0) as well as two GFRP bar reinforced HSC specimens (Specimen
HG60E0 and Specimen HG30E0). The axial load-axial deformation behaviour of the
specimens tested under concentric axial load is shown in Fig. 4.3. Two peak loads were
observed in the axial load-axial deformation response of the tested specimens: the first
peak load (𝑃1 ) represents the maximum axial load carried by the entire gross crosssectional area (𝐴𝑔 ) of the specimens before the spalling of concrete cover and the
second peak load (𝑃2 ) represents the maximum axial load carried by the confined
concrete core (𝐴𝑐𝑐 ) of the specimens after the spalling of concrete cover. The axial load
sustained by the longitudinal reinforcing bars corresponding to the first and second peak
loads are denoted as (𝑃1,𝑏𝑎𝑟 ) and (𝑃2,𝑏𝑎𝑟 ), respectively. All the specimens tested under
concentric axial load experienced relatively linear ascending axial load-axial
deformation behaviour up to the first peak load. It was observed that the initial stiffness
of the tested specimens was mainly dominated by the compressive strength of the
concrete regardless of the reinforcement type and the reinforcement arrangement.
However, the first peak axial load and the corresponding axial deformation differed
based on the confinement characteristics of the concrete core of the tested specimens.

It was observed that the direct replacement of the steel reinforcement in Specimen
NS60E0 by same amount of GFRP reinforcement in Specimen NG60E0 resulted in
about 20% lower first peak axial load. However, Specimen HG60E0 sustained about
0.5% lower first peak axial load compared to Specimen HS60E0. This indicates that the
efficiency of the GFRP bar reinforced concrete specimens in sustaining axial loads,
compared to steel bar reinforced concrete specimens, increases with an increase in the
compressive strength of the concrete. At the first peak axial load, it was observed that
the average axial load sustained by the longitudinal bars (𝑃1,𝑏𝑎𝑟 ) varied depending on
the type of the longitudinal bars, pitch of the transverse helices and the compressive
strength of the concrete. The average axial load sustained by the GFRP longitudinal
bars in the HSC specimens, at the first peak axial load, was about 5% higher than the
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average axial load sustained by the GFRP longitudinal bars in the NSC specimens. At
the first peak axial load, the contribution of the GFRP longitudinal bars was about
13.4% and 6.5% of the axial load carrying capacity of GFRP bar reinforced NSC and
HSC specimens, respectively. On the other hand, at the first peak axial load, the
contribution of the steel bars was about 26.6% and 13.6% of the total axial load carrying
capacity of steel bar reinforced NSC and HSC specimens, respectively. This indicates
that the contribution of the GFRP longitudinal bars was about half the contribution of
the steel longitudinal bars in both NSC and HSC specimens.

3000
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Axial load (kN)

2000

1500

1000
NS60E0
HS60E0
NG60E0
HG60E0
NG30E0
HG30E0

500

0
5 mm

Axial deformation (mm)

Fig. 4 .3: Axial load-axial deformation behavior of the concentrically loaded NSC and
HSC specimens

Up to the first peak axial load, the confinement of the transverse reinforcement had little
or no effect on the axial load carrying capacity and the axial load-axial deformation
behaviour of the specimens. After the first peak axial load, all specimens exhibited
spalling of concrete cover and a dilatation of concrete core as a result of micro-cracking
in the concrete. The dilatation of the concrete core activated the confinement provided
by the steel and the GFRP helices and led to significant differences in the post-peak
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axial load-axial deformation behaviour. It was observed that Specimen NS60E0 and
Specimen HS60E0 exhibited no second peak axial load greater than the first peak axial
load. However, Specimen NG60E0 exhibited a second peak axial load of about 17%
higher than the first peak axial load. This indicates that the efficiency of the GFRP
helices in confining concrete columns is better than the efficiency of the steel helices.
Unlike Specimen NG60E0, Specimen HG60E0 shows no second peak axial load. This
indicates that the confinement efficiency of the GFRP helices decreases with an increase
in the compressive strength of the concrete. Reducing the pitch of the GFRP helices
from 60 mm to 30 mm enhanced the post-peak axial load-axial deformation behaviour
of both Specimen NG30E0 and Specimen HG30E0. Specimen NG30E0 achieved a
second peak axial load of about 56% higher than the first peak axial load. However, the
second peak axial load achieved by Specimen HG30E0 was about 8% higher than the
first peak axial load, which also indicates that the confinement efficiency of the GFRP
helices decreases with an increase in the compressive strength of the concrete.
The ductility indices (𝐼5 and 𝐼10 ) defined in Foster and Attard [21] was used as a
measurement for the ductility of the tested specimens. In general, steel bar and GFRP
bar reinforced NSC specimens exhibited higher ductility compared to corresponding
steel bar and GFRP bar reinforced HSC specimens. This is because NSC exhibits
greater lateral expansion than HSC due to the relatively lower elastic modulus of the
NSC. The ductility of Specimen NG60E0 was slightly higher than the ductility of
Specimen NS60E0. However, the ductility of Specimen HG60E0 was about 30% lower
than the ductility of Specimen HS60E0. Reducing the pitch of GFRP helices enhanced
the ductility of the GFRP bar reinforced NSC and HSC specimens compared to the
corresponding steel bar reinforced NSC and HSC specimens. The ductility of
Specimens NG30E0 and HG30E0 was about 33% and 35% greater than the ductility of
Specimens NS60E0 and HS60E0, respectively. Increasing the compressive strength of
concrete from 37 MPa to 85 MPa resulted in a reduction in the ductility of Specimens
HG60E0 and HG30E0 of about 71% and 56% compared to Specimens NG60E0 and
NG30E0, respectively. Table 4.4 presents the experimental results of the concentrically
loaded GFRP bar reinforced NSC and HSC specimens.
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Table 4.4: Experimental results of the concentrically loaded specimens
Specimen

First Peak axial load

Second Peak axial load

Ductility

𝑃1
(kN)

𝑃1,𝑏𝑎𝑟
(kN)

𝑃2
(kN)

𝑃2,𝑏𝑎𝑟
(kN)

I5

I10

NS60E0
NG60E0
NG30E0

1528
1220
1309

407
163
148

---1425
2041

---307
494

4.8
5.0
5.1

8.7
9.0
11.6

HS60E0

2735

373

----

----

3.7

----

HG60E0

2721

176

----

----

2.6

----

HG30E0

2398

151

2593

----

5.0

----

4.7.2: Behaviour of specimens tested under eccentric axial loads
The experimentally obtained axial load-axial deformation behaviour along with the
axial load-lateral deformation behaviour of the specimens tested under 25 mm and 50
mm eccentric axial loads are shown in Fig 4.4a and Fig. 4.4b, respectively. The
experimental results of the eccentrically loaded specimens are listed in Table 4.5. In
general, the eccentrically loaded specimens showed similar initial behaviour (linear
ascending axial load-axial deformation behaviour) up to the first peak axial load. It was
observed that Specimen NG60E25 achieved about 13% lower first peak axial load than
Specimen NS60E25, while Specimens HG60E25 achieved about 10% lower first peak
axial load than Specimen HS60E25. Furthermore, the first peak axial load sustained by
Specimen NG60E50 and Specimen HG60E50 was about 17% and 12% lower than the
first peak axial load sustained by Specimen NS60E50 and Specimen HS60E50,
respectively. With respect to the maximum axial load sustained by the steel bar
reinforced concrete specimens at the first peak axial load, it is obvious that the GFRP
bar reinforced HSC specimens exhibited better resistance to the applied (concentric and
eccentric) axial loads than GFRP bar reinforced NSC specimens. However, it was
observed that the efficiency of both GFRP bar reinforced NSC and HSC specimens in
sustaining axial load decreased with an increase in the axial load eccentricity.

Unlike the concentrically loaded Specimen NG60E0, the eccentrically loaded
Specimens NG60E25 and NG60E50 showed no second peak axial load greater than the
first peak axial load. Reducing the pitch of the GFRP helices in Specimens NG30E25
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and NG30E50 resulted in a second peak axial load of about 31% and 24% greater than
the first peak axial load, respectively.
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Fig. 4 .4: Axial load-axial deformation and axial load-lateral deformation behaviour of
the NSC and HSC specimens under: (a) 25 mm eccentric axial load and (b) 50 mm
eccentric axial load.
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For GFRP bar reinforced NSC specimens, the percentage increase in the second peak
axial load to the first peak axial load was calculated. It was observed that the percentage
increase dropped from 57% in the concentrically loaded Specimen NG30E0 to 31% and
24% in Specimens NG30E25 and NG30E50 tested under 25 and 50 mm eccentric axial
loads, respectively. This denoted that increasing the eccentricity of the applied axial
load (from 0 to 50 mm) remarkably reduced the confinement efficiency of the GFRP
helices. On the other hand, Specimens HG60E25 and HG60E50 experienced no second
peak axial load similar to the concentrically loaded Specimens HG60E0. Moreover,
Specimens HG30E25 and HG30E50 experienced no second peak axial load as in
Specimens NG30E25 and NG30E50. These observations further indicate that the
confinement efficiency of the GFRP helices decreases as the concrete compressive
strength increases.

Table 4.5 lists the measured ductility of the eccentrically loaded specimens. Specimen
NG60E25 and Specimen NG60E50 achieved slightly greater ductility than reference
Specimens NS60E25 and NS60E50, respectively. The improvement in the ductility was
more pronounced in Specimens reinforced transversely with 30 mm GFRP helices.
Specimens NG30E25 and NG30E50 achieved about 14% and 57% greater ductility than
Specimens NS60E25 and NS60E50, respectively. On the other hand, the ductility of
Specimens HG60E25 and HG60E50 was almost similar to the ductility of Specimens
HS60E25 and HS60E50, respectively. However, Specimens HG30E25 and HG30E50
were able to develop a higher ductility of about 32% and 25% compared to Specimens
HS60E25 and HS60E50, respectively. The improved ductility of Specimens HG30E25
and HG30E50 was attributed to the reduced pitch of GFRP helix (30 mm) used in
confining the specimens transversely.

In order to study the effect of the concrete compressive strength on the ductility of the
steel bar reinforced concrete specimens, the confinement parameter 𝜌𝑠𝑡 𝑓𝑦𝑡 ⁄𝑓𝑐′ is used
[21]. The 𝜌𝑠𝑡 and 𝑓𝑦𝑡 are the volumetric ratio and the tensile yield strength of the
transverse reinforcement, respectively, and 𝑓𝑐′ is the compressive strength of concrete.
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Table 4.5: Experimental results of the eccentrically loaded specimens
Specimen

First Peak Axial Load

Second Peak Axial Load

Ductility

𝑃1
(kN)

Midheight lateral
deformation (mm)

Bending moment
(kN . m)

𝑃2
(kN)

Midheight lateral
deformation (mm)

Bending moment
(kN . m)

I5

I10

NS60E25
NG60E25
NG30E25
HS60E25
HG60E25
HG30E25

895
781
767
1771
1599
1572

2.4
2.5
2.8
1.8
2.3
1.8

24.5
21.5
21.3
47.4
43.6
42.1

---751
1003
----------

---11
19
----------

---27
44.1
----------

4.7
4.8
5.5
3.5
3.4
4.6

8.1
8.6
9.2
----------

NS60E50
NG60E50
NG30E50
HS60E50
NG60E50
NG30E50

594
494
479
1158
1023
958

3.2
3.4
3.7
3.9
3.7
3.9

31.6
26.4
25.7
62.4
54.9
51.7

---459
592
----------

---15
22
----------

---29.8
42.6
----------

4.6
4.7
5.5
3.4
3.8
4.3

5.4
5.8
9.1
----------
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In this study, the confinement parameter used in Foster and Attard [21] was modified
for the GFRP bar reinforced NSC and HSC specimens. To study the effect of concrete
compressive strength on the ductility of the concentrically and the eccentrically loaded
GFRP bar reinforced concrete specimens presented in this study, the confinement
parameter 𝜌𝑓𝑡 𝑓𝑓𝑢 ⁄𝑓𝑐′ was used, in which 𝜌𝑓𝑡 and 𝑓𝑓𝑢 are the volumetric ratio and the
ultimate tensile strength of the GFRP helices, respectively. Fig. 4.5 shows the ductility
index 𝐼5 of the GFRP bar reinforced specimens versus the confinement parameter. The
ductility index 𝐼5 was used in Fig. 4.5 because the GFRP bar reinforced HSC specimens
did not achieve the ductility index 𝐼10 . It was observed that for the GFRP bar reinforced
HSC specimens cast with 85 MPa concrete compressive strength, the pitch of the GFRP
helices needed to be reduced to the half (transverse reinforcement ratio increases to
double) in order to achieve a ductility level similar to the ductility level of GFRP bar
reinforced NSC specimens cast with 37 MPa concrete compressive strength.

6

5

Ductility 𝐼5

4

3

2

1

GFRP-NSC
GFRP-HSC

0
0

0.5

1

1.5

2

2.5

3

𝜌𝑓𝑡 𝑓𝑓𝑢 ⁄𝑓𝑐′

Fig. 4 .5: The effect of the compressive strength of concrete on the ductility of GFRP
bar reinforced NSC and HSC specimens
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4.7.3 Behaviour of the specimens tested under four-point bending
The specimens tested as beams under four-point bending included three NSC specimens
(NS60B, NG60B and NG30B) and three HSC specimens (HS60B, HG60B and
HG30B). The specimens were tested over a span of 700 mm as described above. Fig.
4.6 presents the load-midspan deflection behaviour of the NSC and HSC specimens.
800
700

Load (kN)

600

NS60B
HS60B
NG60B
HG60B
NG30B
HG30B

500
400
300
200
100
0

10 mm
Midspan deflection (mm)

Fig. 4 .6: Load-midspan deflection behaviour of the NSC and HSC specimens under
four-point bending

Except for Specimen NG60B, all GFRP bar reinforced specimens exhibited an
ascending load-midspan deflection behaviour followed by a sudden descending part
(sudden failure of the specimens) resulted from the rupture of the GFRP helices. The
load-midspan deflection behaviour of Specimens NS60B and HS60B was similar to the
load-midspan deflection behaviour of the GFRP bar reinforced specimens up to the
yielding of the steel bars. After that, Specimens NS60B and HS60B exhibited a yield
plateau until failure. Fig. 4.6 revealed that the compressive strength of the concrete and
the pitch of the GFRP helices had a direct influence on the load-midspan deflection of
the GFRP bar reinforced specimens. It was also observed that using HSC while
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maintaining the same pitch of the GFRP helices (30 mm) resulted in a lower deflection
in Specimen HG30B at the failure compared to Specimens NG30B. The maximum load
sustained by Specimen HG30B was about 106% greater than the maximum load
sustained by the reference Specimen HS60B, whereas the maximum load sustained by
Specimen NG30B was about 31% greater than the maximum load sustained by the
reference Specimen NS60B. This indicates that the efficiency of the GFRP bars in
reinforcing HSC specimens is better than their efficiency when used in reinforcing NSC
specimens. Similar observations were also reported in Yost and Gross [31]. The failure
loads and the corresponding midspan deflection, in addition to the ductility of the NSC
and HSC specimens are listed in Table 4.6.

Table 4.6: Experimental results of the specimens tested under four-point bending
Specimen
𝑃1
(kN)
NS60B
NG60B
NG30B
HS60B
HG60B
HG30B

250
247
242
309
321
350

First peak
Midspan
deflection
(mm)
6.5
9.4
8.1
7.5
6.8
7.6

Bending
moment
(kN . m)
29.2
28.8
28.2
36.1
37.3
40.8

𝑃2
(kN)
344
268
452
---517
637

Second peak
Midspan
Bending
deflection
moment
(mm)
(kN . m)
28.5
40.1
12.5
31.3
29.9
52.7
------16.9
60.3
19.6
74.3

4.8 Axial load-bending moment interaction diagrams
For designing of reinforced concrete members subjected to different loading conditions
(concentric, eccentric and flexural) loads, axial load-bending moment (𝑃 − 𝑀)
interaction diagrams are plotted for the member cross-section. In this study, four points
were used in plotting the 𝑃 − 𝑀 interaction diagrams of the experimentally tested
specimens in Groups NS60, HS60, NG60, HG60, NG30 and HG30. The first, second
and the third points on each 𝑃 − 𝑀 interaction diagram represent the specimens tested
under concentric axial load, 25 mm and 50 mm eccentric axial loads, respectively. The
last point on each 𝑃 − 𝑀 interaction diagram represents the specimens tested as beams
under four-point bending. The first peak axial load sustained by the tested specimens
was used in plotting the 𝑃 − 𝑀 interaction diagrams, as most of the specimens
experienced no second peak axial load. The bending moment and the axial load were
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taken equal to zero for specimens tested under concentric axial load and four-point
bending, respectively. The bending moment, including the secondary moment for
specimens tested under 25 and 50 mm eccentric axial loads was determined using Eq.
4.1. The bending moments of the specimen tested under four-point bending were
determined using Eq. 4.2.

𝑀 = 𝑃1 (𝑒 + 𝛿)

(4.1)

𝑀 = 𝑃1 𝑙⁄6

(4.2)

where 𝑃1 and 𝛿 are the first peak axial load and the corresponding mid-height lateral
deformation of the tested specimens; 𝑒 is the eccentricity of the applied axial load and 𝑙
is the distance between the supports of the beam specimens.
The experimental 𝑃– 𝑀 interaction diagrams of the Groups NS60, HS60, NG60, HG60,
NG30 and HG30 are shown in Fig. 4.7. In general, it was observed that steel bar
reinforced NSC and HSC specimens exhibited higher axial load and bending moment
capacity under concentric and eccentric axial loads compared to the GFRP bar
reinforced NSC and HSC specimens due to the greater elastic modulus of steel bars
compared to GFRP bars.

In this study, the equivalent rectangular stress block method was used to generate the
analytical 𝑃 − 𝑀 interaction diagrams for the steel and GFRP bar reinforced NSC and
HSC specimens. The equivalent rectangular stress block is presented in several building
design guidelines, including AS 3600-09; ACI 318-14 and CSA A23.3-14 [30, 32-33]. Two
parameters 𝛼1 and 𝛽1 are usually used to define the rectangular stress block. It was
reported that the ACI 318 rectangular stress block is not applicable for concrete
columns constructed with HSC, especially for members subjected to high concentric
axial load [34-36]. This is because the ACI 318 stress block may overestimate the
strength of HSC columns and may lead to unsafe design. These observations, however,
were reported for HSC columns reinforced with conventional steel bars.
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Fig. 4 .7: Experimental axial load-bending moment (𝑃 − 𝑀) interactions of: (a) Groups
NS60 and HS60; (b) Groups NG60 and HG60 and (c) Groups NG30 and HG30
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In this study, the feasibility of using ACI 318-14 [30] equivalent stress block in
designing HSC columns reinforced with GFRP bars and GFRP helices was investigated.
In addition, the stress block presented in the Australian Standard AS 3600-09 [32] and
Canadian standard CSA A23.3-14 [33] were also evaluated and compared to the results
obtained using the ACI 318-14 [30] stress block.

In the ACI 318-14 [30], the rectangular stress block is established with a width equal to
𝛼1 𝑓𝑐′ and a height equal to 𝛽1 𝑐, where 𝑓𝑐′ is the compressive strength of concrete and 𝑐
is the neutral axis depth of the concrete member measured form the extreme
compression layer of the member. The parameter 𝛼1 is recommended to have a constant
value equal to 0.85 for any 𝑓𝑐′ . The parameter 𝛽1 is recommended to have a value of
0.85 for 𝑓𝑐′ less than or equal to 30 MPa. For 𝑓𝑐′ greater than 30 MPa, the value of 𝛽1 is
calculated according to Eq. 4.3.
𝛽1 = 0.85 − 0.05

(𝑓𝑐′ − 30)
≥ 0.65 for 𝑓𝑐′ > 30 MPa
7

(4.3)

The rectangular stress block in CSA A23.3-14 [33] is defined using the same
parameters 𝛼1 and 𝛽1. However, the parameter 𝛼1 is not constant as in ACI 318-14 [30]
and is calculated using Eq. 4.4, whereas the parameter 𝛽1 is determined using Eq. 4.5.
𝛼1 = 0.85 − 0.0015𝑓𝑐′ ≥ 0.67

(4.4)

𝛽1 = 0.97 − 0.0025𝑓𝑐′ ≥ 0.67

(4.5)

The following equations define the parameters of the equivalent rectangular stress block
in the Australian Standard AS 3600-09 [32].
𝛼1 = 1 − 0.003𝑓𝑐′
𝛽1 = 1.05 − 0.007𝑓𝑐′

and
and
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0.67 ≤ 𝛼1 ≤ 0.85

(4.6)

0.67 ≤ 𝛽1 ≤ 0.85

(4.7)
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In the ACI 318-14 [30], the ultimate concrete strain, 𝜀𝑐𝑢 is recommended to be 0.003. A
similar value was recommended in AS 3600-09 [32]. However, the limiting ultimate
concrete strain is assumed to be 0.0035 in the CSA A23.3-14 [33].
Fig. 4.8 presents the 𝑃– 𝑀 interaction diagrams plotted using AS 3600-09, ACI 318-14
and CSA A23.3-14 [30, 32-33] equivalent rectangular stress block parameters.
Comparing the analytical interaction diagrams with the experimental results revealed
that the 𝑃 − 𝑀 interaction diagrams obtained using the ACI 318-14 [30] stress block
parameters overestimated the strength of both GFRP and steel bar reinforced HSC
specimens in the part of diagram that represents specimens subjected to axial load with
small eccentricities (concentric and 25 mm eccentric axial loads). However, the ACI
318-14 [30] stress block parameters provided reasonable results for both steel and
GFRP bar reinforced NSC specimens.
On the other hand, the 𝑃 − 𝑀 interaction diagrams plotted using the stress block
parameters in AS 3600-09 and CSA A23.3-14 [32-33] either coincided the experimental
results or stay on the safe side for both NSC and HSC specimens. Moreover, AS 360009 and CSA A23.3-14 [32-33] stress block parameters presented the safest 𝑃 − 𝑀
interaction diagrams for the NSC and HSC specimens, respectively. For specimens
tested under four-point bending, it was observed that the differences between the
interaction diagrams plotted using the stress block parameters recommended in different
standards are negligible for both GFRP and steel bar reinforced HSC specimens.
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Fig. 4 .8: Experimental and analytical axial load-bending moment (𝑃 − 𝑀) interactions
of: (a) Group NS60; (b) Group HS60; (c) Group NG60; (b) Group HG60; (c) Group
NG30 and (f) Group HG30
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4.9 Conclusions
This study has contributed in further understanding the complex behaviour of the FRP
bar reinforced concrete compression members through comprehensive experimental and
analytical investigations on the behaviour of GFRP bar reinforced circular NSC and
HSC specimens under axial and flexural loads. Based on the experimental and the
analytical investigations, the following conclusions can be drawn:
1. Under concentric axial load, the contribution of the GFRP longitudinal bars in the
total axial load carrying capacity of GFRP bar reinforced NSC and HSC specimens
at the first peak load was about 13.4% and 6.5%, respectively. On the other hand, the
contribution of the steel longitudinal bars in the total axial load carrying capacity of
steel bar reinforced NSC and HSC specimens at the first peak load was about 26.6%
and 13.6%, respectively. This indicates that the contribution of the GFRP
longitudinal bars was about half the contribution of the steel longitudinal bars in both
NSC and HSC specimens.
2. For concentrically loaded specimens, GFRP bar reinforced NSC specimens sustained
about 20% lower first peak axial load compared to steel bar reinforced NSC
reference specimens, whereas GFRP bar reinforced HSC specimens sustained about
0.5% lower first peak axial load compared to steel bar reinforced HSC specimens.
This indicates that the efficiency of the GFRP bar reinforced concrete columns in
sustaining axial loads improves with an increase in the compressive strength of the
concrete.
3. The capability of GFRP bar reinforced NSC and HSC specimens in sustaining
applied axial load decreased with an increase in the axial load eccentricity in
comparison with the applied axial load sustained by steel bar reinforced specimens
under the same axial load eccentricity.
4. The efficiency of the GFRP helices in confining concrete columns was better than
the efficiency of the steel helices. However, the confinement efficiency of the GFRP
helices decreased with an increase in the axial load eccentricity and/or the
compressive strength of the concrete.
5. Reduction in the pitch of the GFRP helices resulted in a significant improvement in
the performance of both GFRP bar reinforced NSC and HSC specimens in terms of
ductility and load carrying capacity compared to the steel bar reinforced specimens.
In addition, it was found that GFRP bar reinforced HSC specimens required double
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the amount of transverse reinforcement required for NSC specimens to achieve
similar ductility.
6. The stress block parameters of the ACI 318-14 [30] overestimated the axial load
carrying capacity and the corresponding bending moment of the GFRP reinforced
HSC specimens under concentric axial load or eccentric axial load with small
eccentricities. However, the ACI 318-14 [30] stress block parameters provided
reasonable correlations for the GFRP bar reinforced NSC specimens. On the other
hand, the stress block parameters in AS 3600-09 and CSA A23.3-14 [32-33]
provided safe predictions for the axial loads and the corresponding bending moments
for both NSC and HSC specimens under different loading conditions.
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Preamble
High strength concrete (HSC) have several advantages over normal strength concrete
(NSC) such as enhanced durability and mechanical performance, in addition to member
size reduction. Also, fibre-reinforced polymer (FRP) bars offer several attractive
features over conventional steel reinforcement such as the light weight and the corrosion
resistance. Thus, FRP bar reinforced concrete members can consider ideal alternatives
for steel bar reinforced concrete members in concrete structures demand such features.
However, the main concern with the high strength concrete and the FRP reinforcement
is the increasing brittleness (lack of ductility). The experimental and the analytical
studies reported in Chapter Three and Chapter Four have shown that GFRP transverse
reinforcement ratio is needed to be doubled in HSC columns in order to achieve a
ductility level similar to the ductility level of GFRP bar reinforced NSC columns.
Moreover, the failure of the GFRP bar reinforced HSC columns was more sudden and
more explosive than conventional steel bar reinforced HSC columns due to the brittle
nature of the GFRP bars.

The inclusion of short steel fibres into the HSC mix can play an important role in
enhancing the mechanical properties of the HSC in terms of ductility and compressive
strength. In addition, the presence of steel fibres in the concrete mix controls the
initiation of the cracks in the concrete members and its subsequent growth and
propagation, which can contribute in providing warning before the failure of the
concrete members.

In this chapter, experimental and analytical studies were conducted to investigate the
structural behaviour of GFRP bar reinforced steel fibre high strength concrete (SFHSC)
columns under different loading conditions. The main objective of the addition of steel
fibres is to overcome the lack of ductility that might be experienced by the GFRP bar
reinforced HSC columns. The following sections discuss the outcomes of the
experimental and the analytical investigations in detail.
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5.1 Abstract
This study presents the results of an experimental investigation on high strength
concrete (HSC) and steel fibre high strength concrete (SFHSC) circular column
specimens reinforced longitudinally and transversely with Glass Fibre-Reinforced
Polymer (GFRP) bars and helices, respectively. The influence of

the type of the

reinforcement (steel and GFRP), the pitch of the transverse reinforcement, the addition
of the steel fibres and the loading condition (concentric, eccentric and four-point
loading) on the performance of the specimens was investigated. The study showed that
the GFRP bar reinforced HSC (GFRP-HSC) specimen is as efficient as the steel bar
reinforced HSC (steel-HSC) specimen in sustaining concentric axial load. However, the
maximum load sustained by the GFRP-HSC specimens under eccentric axial load was
10-12% lower than the maximum load sustained by the steel-HSC specimens. GFRP bar
reinforced SFHSC (GFRP-SFHSC) specimens sustained 3-13% higher axial load and
14-27% greater ductility than GFRP-HSC specimens under different loading conditions.
Furthermore, reducing the pitch of the GFRP helices in GFRP-SFHSC specimens
resulted in a significant improvement in the ductility and the post-peak axial load-axial
deformation behaviour of the specimens.
5.2 Introduction
Fibre-Reinforced Polymer (FRP) reinforcing bars feature many advantageous
characteristics such as high tensile strength, high durability, light weight and resistance
to harsh environmental conditions. These features make the FRP reinforcing bars ideal
replacements for the conventional steel bars in reinforcing concrete structures that
require such features. Investigation on the structural behaviour of FRP bar reinforced
concrete members became the major objective of many recent studies. The flexural
behaviour of FRP bar reinforced normal and high strength concrete members were
extensively investigated in the last two decades [1, 2]. These studies significantly
contributed in developing guidelines and standards for the design of FRP bar reinforced
concrete flexural members. However, the behaviour of FRP bars under compression
loads is considered complicated. This is because the nonhomogeneous and anisotropic
nature of the FRP bars, which leads to micro-buckling of fibres in the FRP bars under
axial compression [3]. Accordingly, The ACI 440.1R-06 [4] does not recommend
reinforcing concrete columns longitudinally with FRP bars. The CAN/CSA S806-12 [5]
ignores the contribution of FRP bars in the compression zone of both flexural and
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compression members. Moreover, the ACI 440.1R-15 [6] provides no guidelines for the
use of FRP bars in reinforcing compression members. The structural behaviour of FRP
reinforced compression members were investigated in few research studies [7-9].
However, these studies were limited to FRP bar reinforced concrete columns cast with
normal strength concrete (NSC) with compressive strength lower than 50 MPa. Hence,
the observations obtained from these studies may not be adequate for FRP bar
reinforced HSC columns, since the behaviour of HSC columns differs significantly
from NSC columns [10-12]. Given the lack of experimental investigations on HSC
compression members reinforced with FRP reinforcement, this study intends to expand
the current state of knowledge through experimentally investigating the structural
behaviour of HSC columns reinforced longitudinally and transversely with Glass FibreReinforced Polymer (GFRP) bars and helices, respectively.

The majority of the experimental results reported in the previous studies on the
behaviour of FRP bar reinforced NSC columns [13-15] were based on columns tested
under concentric axial load. Only few studies provided experimental data from columns
tested under eccentric axial load [16-17]. In fact, concrete columns are usually subjected
to a combination of concentric axial load and bending moment rather than a pure
concentric axial load. Hence, this study investigates the effect of different loading
conditions (concentric and eccentric axial load as well as four-point loading) on the
behaviour of GFRP bar reinforced HSC columns (GFRP-HSC).

The other focus of this study is to investigate the effect of adding steel fibres to the
GFRP bar reinforced HSC (GFRP-HSC) columns. The main objective of the addition of
steel fibres is to overcome the lack of ductility that might be experienced by the GFRPHSC columns, where both HSC and GFRP bars are brittle compared to the NSC and
conventional steel bars, respectively. In addition, steel fibres may improve the post-peak
behaviour of GFRP-HSC columns and thus providing adequate warning before the
failure of GFRP-HSC columns. Hence, the behaviour of GFRP bar reinforced steel fibre
high strength concrete (GFRP-SFHSC) column is also investigated in this study.
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5.3 Experimental program
5.3.1 Specimens design and preparation
The experimental tests consisted of 16 circular column specimens 210 mm in diameter
and 800 mm in height. The specimens were divided into four groups with four
specimens in each group. The specimens in the first group (Group S60) were prepared
as reference specimens for comparison purposes. The Group S60 specimens were
reinforced in the longitudinal direction with six N12 (deformed steel bars with 12 mm
diameter) and transversely with R10 (rounded steel bars with 10 mm diameter) helices
with 60 mm pitch. Group S60 specimens satisfy the requirements of ACI 318-14 [18].
The specimens in the second group (Group G60) were reinforced with six #4 (nominal
diameter = 12.7 mm) GFRP bars in the longitudinal direction and transversely with #3
(nominal diameter = 9.5 mm) GFRP helices with a pitch of 60 mm. The specimens in
this group were designed to investigate the effect of the direct replacement of steel
reinforcement with the same amount of GFRP reinforcement on the behaviour of HSC
columns. The specimens in the third group (Group G60F) were also reinforced with six
#4 GFRP bars and with #3 GFRP helices with 60 mm pitch in the longitudinal and
transverse directions, respectively. In addition, steel fibres with volumetric ratio (𝜐𝑓 ) of
1% were added to the HSC mix used in casting the specimens in Group G60F. The
specimens in this group were designed to investigate the effect of the addition of steel
fibres on the behaviour of GFRP bar reinforced high strength concrete (GFRP-HSC)
columns. The specimens in the fourth group (Group G30F) were reinforced
longitudinally with six #4 GFRP bars and transversely with #3 GFRP helices with 30
mm pitch. As in Group G60F, steel fibres of 1% (by volume) were added to the HSC
mix used in casting the specimens in Group G30F. The specimens in this group were
designed to study the combined effect of the pitch of GFRP transverse reinforcement
and the addition of steel fibre on the strength and ductility of GFRP bar reinforced HSC
columns. The test matrix of the specimens is presented in Table 5.1. The dimensions
and reinforcement configurations of the specimens are shown in Fig. 5.1.

The first specimen of each group was concentrically loaded. The second and the third
specimens of each group were tested under eccentric axial load with eccentricities of 25
mm and 50 mm, respectively. The fourth specimen of each group was tested as beam
under four-point loading in order to assess the pure flexural behaviour of the specimens.
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The loading conditions used in this study (including the 25 and 50 mm eccentric axial
loads) were selected based on the testing facilities available at the University of
Wollongong, Australia.

Table 5.1: Test matrix
Group Specimen

Longitudinal
reinforcement

Steel fibres
Transverse
reinforcement ratio, 𝝊𝒇 (%)

S60

S60E0
S60E25
S60E50
S60B
G60E0
G60E25
G60E50
G60B

Steel 6N12

Steel R10 @
60-mm Pitch

----

GFRP 6 #4

GFRP #3 @
60-mm Pitch

----

G60F

G60E0F
G60E25F
G60E50F
G60BF

GFRP 6 #4

GFRP #3 @
60-mm Pitch

1.0

0
25
50
Four-point loading

G30F

G30E0F
G30E25F
G30E50F
G30BF

GFRP 6 #4

GFRP #3 @
30-mm Pitch

1.0

0
25
50
Four-point loading

G60

Loading
eccentricity (mm)
0
25
50
Four-point loading
0
25
50
Four-point loading

The specimens are labelled by a series of letters and numbers corresponding to the
reinforcement type, configuration of the transverse reinforcement, loading conditions
and the presence of the steel fibres (Table 5.1). The first letter in each specimen label
refers to the reinforcement material, where “S” refers to steel reinforcement and “G”’
refers to GFRP reinforcement. The first number in each specimen label refers to the
pitch of the helices. The second letter “E” and the second number in each specimen
label stand for the loading condition: E0 refers to concentric load; E25 and E50 refer to
axial loads with 25 mm and 50 mm eccentricity, respectively. The letter “B” refers to
the four-point loading. The letter “F” stands for the presence of steel fibres. For
example, Specimen G60E50F is reinforced longitudinally with GFRP bars (6#4) and
transversely with GFRP helix with a pitch of 60 mm and tested under 50 mm eccentric
axial load. Besides, 1% (by volume) steel fibres were added to the concrete mix of this
column specimen.
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Fig. 5 .1: Geometry and reinforcement details of the tested specimens
5.3.2 Fabrication and instrumentation of the tested specimens
Polyvinyl chloride (PVC) pipes with an inner diameter of 210 mm and a height of 800
mm were used as moulds to cast the specimens. Also, a wooden frame was used to hold
the PVC pipes vertically and to prevent any movement during the casting of the
specimens. Steel and GFRP reinforcement cages were assembled based on the
reinforcement arrangement of each specimen. First, the longitudinal steel and GFRP
bars were aligned vertically using two plastic templates with an outer diameter of 150
mm (Fig. 5.2a). The plastic templates have 12 holes distributed evenly around the
perimeter of the templates: six of the holes fit the steel bars and the other six holes fit
the GFRP bars. Afterwards, the longitudinal bars were assembled with the reinforcing
helices using steel wire ties. The helices were adjusted to have the required pitch using
two aluminium spacer jigs having groves at 30 mm centres (Fig. 5.2b). The groves were
used for helices with 30 mm pitch and every second grove for helices with 60 mm pitch.
Afterwards, the completed reinforcement cages (Fig. 5.2c) were placed inside the PVC
moulds as shown in Fig. 5.2d.
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Holes
Plastic
Templates

Groves

Aluminium
Spacer Jigs

PVC Moulds

Fig. 5.2: Fabrication of the tested specimens: (a) Alignment of the longitudinal bars; (b)
assembling of the reinforcement cages; (c) completed reinforcement cages and (d)
completed formwork of the specimens.

The steel and GFRP helices were fabricated to have an outer diameter of 170 mm. the
concrete cover at the sides of the specimens was 20 mm. Also the steel and GFRP
longitudinal bars were cut in lengths of 760 mm to ensure a constant concrete cover of
20 mm at the top and the bottom of the specimen.

All the specimens were cast on the same day at the laboratory of the School of Civil,
Mining and Environmental Engineering, University of Wollongong, Australia. Ready
mix high strength concrete with a maximum aggregate size of 10 mm provided by
Hanson Company, Australia [19] was used. The HSC mix was poured directly from the
truck mixer into the moulds prepared for Groups S60 and G60 specimens. For the rest
of the specimens (Groups G60F and G30F specimens), steel fibres were added to the
concrete mix using a concrete mixer. Firstly, the ready mix HSC was placed into the
concrete mixer and then steel fibres were added gradually and were dispersed uniformly
using a sieve and were mixed for about 10 minutes. Afterwards, the concrete mix was
poured into the moulds prepared for Group G60F and Group G30F specimens. The
specimens were cast vertically in three stages. In every stage the concrete was internally
vibrated to remove air voids and to ensure perfect compaction. During the following 28
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days, the specimens were kept in the moulds and wet hessian was used to cure the
specimens. Meanwhile, plastic sheets were used to cover the specimens and to maintain
the moisture conditions.

5.3.3 Materials
The mix proportions of the high strength concrete (HSC) used in casting the specimens
are presented in Table 5.2. The average 28-day compressive strength of the nonfibrous
and fibrous concrete was 85 and 93 MPa, respectively.

Table 5.5.2: Mix proportions of the high strength concrete (HSC) [19]
Material

Quantity

Cement (kg/m3)

576

Fine aggregate (kg/m3)

540

Coarse aggregate (kg/m3)*

990

Silica fume (kg/m3)

30

Fly ash (kg/m3)

64

Water (kg/m3)

197

Mid-range water reducing admixture (l/m3)

6

* Maximum size of the aggregate used was 10 mm

Two different sizes of steel bars were used in reinforcing Steel-HSC column specimens:
12 mm deformed steel bars N12 (longitudinal reinforcement), and 10 mm plain mild
rounded steel bars R10 (transverse reinforcement). The mechanical properties of the
N12 and R10 steel bars were determined according to AS 1391-2007 [20] as shown in
Table 5.3.
Table 5.3: Mechanical properties of the steel bars
Bar
size

Diameter
of the bar
(mm)

Area of
the bar
(mm2)

Yield tensile
strength
(MPa)

Strain corresponding
to tensile strength
(mm/mm)

Elastic
modulus
(GPa)

R10

10

78.5

420

0.0022

190

N12

12

113

550

0.0027

200
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The GFRP bars and the GFRP helices used in reinforcing the GFRP bar reinforced
specimens were sand-coated to improve the bond between the concrete and the
embedded GFRP bars. Sand-coated #4 GFRP bars and sand-coated #3 GFRP helices
were used as longitudinal reinforcement and transverse reinforcement, respectively.
Both #4 GFRP longitudinal bars and #3 GFRP helices were provided by V-Rod
Company, Australia [21]. In addition to the standard nominal diameter and the crosssectional area of the GFRP bars provided by V-Rod company, the diameter and the
cross-sectional area of the GFRP bars were also obtained using the immersion test
according to ISO 104061-1:2015 [22], as presented in Table 5.4. The mechanical
properties of the GFRP bars were determined according to ASTM D7205-11 [23]
(Table 5.4). The steel fibres were provided by Ganzhou Daye Metallic Fibres Company,
China [24]. The steel fibres used in this study were straight in shape with brass coated
surface. The steel fibres used were 13 mm in length (𝑙) and 0.2 mm in diameter (𝑑)
with an aspect ratio (𝑙/𝑑) of 65. The ultimate tensile strength of the steel fibres was
2500 MPa [24].

Table 5.4: Mechanical properties of the GFRP bars

Bar
size

Diameter of
the bar (mm)

Cross-sectional area
of the bar (mm2)

Tensile
strength
(MPa)

Tensile
rupture
strain
(mm/mm)

Tensile
modulus
(GPa)

Nominal

By
Immersion
test a

Nominal

By
Immersion
test b

#3

9.5

11

70.9

95

1770

0.0231

76.8

#4

12.7

14.5

126.7

165

1548

0.0228

67.8

a

Determined in accordance with the immersion test (ISO 2015) [22]

b

Calculated based on the diameter of the GFRP bars obtained from the immersion test

5.3.4 Test setup
Before testing, the top and the bottom parts of each specimen were externally wrapped
with two layers of CFRP sheets to ensure that failure would occur at the mid-height of
the specimen. The thickness and the width of CFRP sheets were 0.5 mm and 100 mm,
respectively. Besides, the top and the bottom ends of each specimen were caped with a
thin layer of high strength plaster to ensure a uniform distribution of the applied axial
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load during the test. All specimens were tested using Denison testing machine having a
maximum compressive load capacity of 5 MN. Two loading heads fabricated at the
University of Wollongong, Australia were used at the top and the bottom ends of each
specimen to apply the axial loads at the required eccentricity. Each loading head
consisted of circular steel plate and steel ball joint (Fig. 5.3a). For the eccentrically
loaded specimens, the steel ball joints were used to transfer the applied load of the
testing machine into 25 mm and 50 mm eccentric axial loads. For concentrically loaded
specimens, the steel ball joints were not used and the applied load of the testing
machine was transferred concentrically to the specimen directly through the circular
steel plates. The circular steel plates were used to protect the ends of the specimens
from the bearing failure (crushing of the ends of the specimens). The inner diameter of
the circular steel plates was larger than the diameter of the tested specimens. Hence, the
circular steel plates provided no restraint to the ends of the specimens during the test.
For specimens tested as beams, a four-point loading system consisted of two steel
circular rigs was used. The beam specimens were tested over a clear span of 700 mm
and the distance between the two-point loads was kept constant at 233.3 mm (Fig 5.3b).
A typical test setup of the column and the beam specimens is shown in Fig. 5.4.

Two linear variable differential transducers (LVDTs) were attached vertically to the
heads of the testing machine at two opposite corners to measure the axial deformation in
the column specimens during the test. For specimens tested under eccentric loads, a
laser triangulation was placed at the mid-height of the specimen to capture the lateral
deformation. For specimens tested as beams, the laser triangulation was fixed
underneath a hole at midspan of the testing rig to measure the midspan deflection of the
tested specimens.

At the beginning of the test, the specimens were loaded (force controlled) at the rate of
2 kN/s to 100 kN and then the specimens were unloaded to 20 kN at the same rate to
prevent any movements in the specimens that might occur during the test. Afterwards,
the specimens were reloaded (displacement-control) at the rate of 0.005 mm/s until the
failure (specimens experienced a substantial or total loss of the strength) of the
specimens.
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(a)

(b)

Fig. 5.3: Specimen test setup: (a) testing of the column specimens and (b) testing of the
beam specimens
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The LVDTs and the laser triangulation were connected to a data logger to capture the
data at every 2s. The applied axial load was recorded during the testing of the specimens
via the internal load cell of the Denison testing machine.

Fig. 5 .4: Typical test setup of: (a) column specimen and (b) beam specimen

5.4: Experimental results
5.4.1: General observations
All column specimens were tested until failure. Two main points were noted in the loaddeformation curve of the tested specimens: the first peak load (𝑃𝑃𝑒𝑎𝑘 1 ) and the second
peak load (𝑃𝑃𝑒𝑎𝑘 2 ) as shown in Fig 5.5. The 𝑃𝑃𝑒𝑎𝑘 1 represents the maximum axial
load sustained by the gross area of the specimen (the area of the reinforced concrete
core plus the area of concrete cover of the specimen, 𝐴𝑔 ), while the 𝑃𝑃𝑒𝑎𝑘 2 represents
the maximum axial load sustained by the confined concrete core (𝐴𝑐𝑐 ) of the specimen
after the loss of the concrete cover. Under concentric axial load, Specimens S60E0,
G60E0 and G60E0F (reinforced transversely with steel or GFRP helices having a pitch
of 60 mm) exhibited no second peak load due to the low confinement pressure provided
by the transverse helices. In contrast, the well-confined Specimen G30E0F (reinforced
transversely with GFRP helix having a pitch of 30 mm) exhibited a second peak load
greater than the first peak load due to the adequate confinement pressure provided by
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the closely spaced GFRP helix. Besides, the 30 mm pitch GFRP helix in Specimen
G30E0F contributed in delaying the crack propagation of the concrete core, restraining
the GFRP longitudinal bars against buckling and allowing the specimen to fail
progressively. On the other hand, all the eccentrically loaded specimens did not
experience a well-defined second peak load, even specimens reinforced transversely
with GFRP helices with a pitch of 30 mm due the effect of the combined loading (axial
load and bending moment). The steel bar reinforced Specimen S60B tested under fourpoint loading also showed one peak load. However, all the GFRP bar reinforced
specimens tested under four-point loading showed a second peak load due to the elastic
linear stress-strain relationship and the high tensile strength of the GFRP bars and the
GFRP helices compared to the steel bars and steel helices.

Fig. 5.5: General behaviour and ductility calculations of the tested specimens
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In general, the axial load-axial deformation and the axial load-lateral deformation
behaviour of all tested specimens experienced three phases as shown in Fig. 5.5. The
first phase (Phase 1) represents the ascending part of the load-deformation curve up to
the first peak load (𝑃𝑃𝑒𝑎𝑘 1 ). During this phase, the transverse reinforcement and the
steel fibres had no or insignificant effects on the behaviour of the specimens. The
second phase (Phase 2) represents the drop in the total axial load due to the spalling of
the concrete cover after the 𝑃𝑃𝑒𝑎𝑘 1 . The third phase (Phase 3) represents the part of the
load-deformation behaviour of the specimen that starts after the spalling of the concrete
cover (activation of the transverse reinforcement) and ended with the total failure of the
specimen. The load-deformation behaviour of the specimen during Phase 3 is governed
by the type of the longitudinal and transverse reinforcement (steel or GFRP), the pitch
of the transverse helices and the presence of the steel fibres.

The ductility (energy absorption capability) of the tested specimens was determined
based on the area under the axial load-axial deformation curve of the specimens as
outlined in ASTM C1018-97 [25]. Ductility index (𝐼5 ) was used as a measure for the
ductility of the specimen (Fig. 5.5). The 𝐼5 represents the ratio between the area ABDE
(area under the axial load-axial deformation curve up to 3𝛿𝑦 ) to the area ABC (area
under the axial load-axial deformation curve up to 𝛿𝑦 ). Where 𝛿𝑦 is the yield
deformation (the deformation at which the first crack occurs). The 𝛿𝑦 corresponds to the
intersection point between the horizontal line drawn from the 𝑃𝑃𝑒𝑎𝑘 1 and the straight
line passes the origin and the point representing the 0.75 times the 𝑃𝑃𝑒𝑎𝑘 1 [26], as
shown in Fig. 5.5.

5.4.2 Failure modes of the tested specimens
The failure modes of the column specimens are shown in Fig 5.6. The reinforcement
material (steel or GFRP), reinforcement arrangements, presence of the steel fibres and
the loading condition were the main parameters that influenced the failure modes of the
tested specimens. For concentrically loaded specimens, Specimens S60E0 and G60E0
exhibited spalling of the concrete cover immediately after reaching the 𝑃𝑃𝑒𝑎𝑘 1 . The
spalling of the concrete cover was mainly observed at the mid-height of the tested
specimens and was attributed to the tendency of the concrete cover to buckle away from
the concrete core when subjected to concentric axial load. Similar observations were
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made in a number of experimental studies (Paultre et al 1996 and Foster et al. 1998)
[27-28].

Fig. 5 .6: Failure Modes of the column specimens
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Although Specimens G60E0F and G30E0F experienced cracks in the concrete cover at
𝑃𝑃𝑒𝑎𝑘 1 , the concrete cover remained intact and attached to the concrete core
throughout the test, even beyond the 𝑃𝑃𝑒𝑎𝑘 1 . At the end of the test, the nonfibrous
Specimens S60E0 and G60E0 experienced spalling of almost the entire concrete cover,
whereas, only limited spalling of the concrete cover was observed in the fibrous
Specimens G60E0F and G30E0F (Fig. 5.6). The failure of the Specimens S60E0 and
G60E0 was initiated by the buckling of the longitudinal steel and GFRP bars,
respectively, and failed by the rupture of the steel and GFRP helices, respectively.
However, the failure of Specimens G60E0F and G30E0F was mainly due to the rupture
of the GFRP helices which occurred after the crushing of the concrete core. Figs. 5.7a
and 5.7b show the buckling of the steel and GFRP longitudinal bars and the rupture of
the steel and GFRP helices of Specimens S60E0 and G60E0, respectively. Figs. 5.7c
and 5.7d show the rupture of the GFRP helices of Specimens G60E0F and G30E0F at
the end of the test after removing the concrete cover from the specimens by hand.

For eccentrically loaded specimens, the first sign of the failure of all specimens was the
crushing of the concrete in the compression face of the specimens accompanied by
transverse cracks in the tension face. This behaviour was due to the combined axialflexural loading which was attributed to the change in the loading condition at the ends
of the tested specimens from concentric axial load to 25 mm or 50 mm eccentric axial
loads. Afterwards, the reference Specimens S60E25 and S60E50 exhibited buckling of
the longitudinal steel bars located in the extreme compression layer. At the latter stage,
the reference Specimens S60E25 and S60E50 failed due to the rupture of the
longitudinal steel bars located in the extreme tension layer.

On the other hand,

Specimen G60E25 failed due to the rupture of the longitudinal GFRP bars and GFRP
helices at the middle part of the compression face of the specimen. It was observed that
the rupture of the GFRP longitudinal bars located in the compression region of
Specimen G60E25 could not be prevented due to the insufficient confinement provided
by the GFRP helices. The failure of Specimen G60E50 was due to the rupture of the
GFRP helices that occurred in the top third part of the specimen. Similarly, the failure
of Specimens G60E25F, G30E25F, G60E50F and G30E50 was attributed to the rupture
of the GFRP helices at the compression face of the specimens.
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Fig. 5 .7: Close-up view of the buckling of the steel and GFRP longitudinal bars and the rupture of the steel and GFRP helices
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For specimens tested under four-point loading, the number and the width of the cracks
experienced by the specimens at failure were depended mainly on the pitch of the
transverse helices. Figure 8 presents a close-up view of the crushed region of the
specimens tested as beams. Specimen G30BF exhibited a larger number of closely
spaced cracks compared to Specimens S60B, G60B and G60BF. The crack width of the
reference Specimen S60B at failure was about 22 mm which was about 13% smaller
than the crack width of Specimen G60B and about 9% larger than the crack width of
Specimen G60BF. The crack width of Specimen G30BF was about 5 mm. Similar to the
eccentrically loaded specimens, the failure of all specimens tested under four-point
loading started with the crushing of the concrete in the compression face at midspan of
the specimens. Finally, the rupture of the longitudinal steel bars in the extreme tension
layer at midspan resulted in the failure of Specimen S60B, whereas the rupture of the
GFRP helices at midspan resulted in the total collapse of the Specimens G60B, G60BF
and G30BF.

Fig. 5.8: Close-up view of the crashed region of the beam specimens
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5.4.3 Behaviour of concentrically loaded specimens
Four specimens (the first specimen in each group) were tested under concentric axial
load. Fig. 5.9 presents the axial load-axial deformation behaviour of the concentrically
loaded specimens (S60E0, G60E0, G60E0F and G30E0F). The ascending part of the
axial load-axial deformation curves of Specimens S60E0, G60E0, G60E0F and G30E0F
experienced similar patterns up to the first peak load 𝑃𝑃𝑒𝑎𝑘 1 and was mainly governed
by the compressive strength of the concrete. This is because the lateral confinement
provided by the transverse reinforcement (steel or GFRP helices) had little or no effect
up to the first peak load due to the relatively low lateral dilation of the concrete. Similar
observations were reported in Cusson and Paultre (1994) [10] and in Paultre et al.
(2010) [29] for the steel bar reinforced HSC and SFHSC columns, respectively, and in
Afifi et al. (2015) [15] for the GFRP bar reinforced concrete columns. The concrete
cover of the concentrically loaded specimens did not crack until the specimens reached
about 95% of the first peak load, where hairline cracks began to appear. With further
loading, the hairline cracks widened and developed into vertical cracks. The maximum
axial load sustained by the reference Specimen S60E0 was 2735 kN, which was about
0.5% higher than the maximum axial load of Specimen G60E0. Although the direct
replacement of the steel reinforcement with the same amount of GFRP reinforcement
resulted in a reduction in the maximum axial load carrying capacity of the columns [17,
30], Specimen G60E0F sustained about 2% higher axial load than the reference
Specimen S60E0. The higher axial load sustained by Specimen G60E0F was attributed
to the presence of the steel fibre which led to an increase in the compressive strength of
the concrete by restraining the formation of the cracks and thereby increasing the axial
load of the specimen. Specimen G30E0F sustained about 9% higher first peak load
(𝑃𝑃𝑒𝑎𝑘 1 ) than the reference Specimen S60E0.
After the first peak load (𝑃𝑃𝑒𝑎𝑘 1 ), all specimens exhibited a drop in the axial load
carrying capacity varied between 5% to 20% of the load at the 𝑃𝑃𝑒𝑎𝑘 1 due to the
spalling of the concrete cover. After the concrete cover spalled off, the concrete core
experienced a lateral expansion, which activated the passive confining pressure of the
steel and GFRP helices. Afterwards, the concrete core started gaining strength whilst
the concrete cover gradually spalled off for nonfibrous Specimens (S60E0 and G60E0)
and disintegrates for the fibrous Specimens (G60E0F and G30E0F).
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Fig. 5.9: Axial load-axial deformation behaviour of the specimens tested under
concentric axial load
Specimens S60E0 and G60E0 showed only 𝑃𝑃𝑒𝑎𝑘 1. Besides, the nonfibrous Specimens
S60E0 and G60E0 experienced a significant loss of about 45% and 50% of their total
axial load carrying capacity no longer after the spalling of the concrete due to the
rupture of the steel and the GFRP helices, respectively. The rupture of the steel helix of
Specimen S60E0 occurred at an axial deformation of about 4.4 mm, whereas the rupture
of the GFRP helix of Specimen G60E0 occurred at an axial deformation of about 3.5
mm. Similarly, Specimen G60E0F showed only 𝑃𝑃𝑒𝑎𝑘 1 , however, due to the presence
of the steel fibers Specimen G60E0F showed a gradual decrease in the total axial load
carrying capacity until the specimen failed at an axial deformation of about 7.8 mm. On
the other hand, Specimen G30E0F reached a second peak load (𝑃𝑃𝑒𝑎𝑘 2) of about 10%
higher than the 𝑃𝑃𝑒𝑎𝑘 1 . The second peak load (𝑃𝑃𝑒𝑎𝑘 2) was an indication of the
effectively combined confinement provided by both closely spaced GFRP helix and
steel fibres. Specimen G30E0F failed due to the rupture of the GFRP helix at an axial
deformation of about 12.6 mm.
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The direct replacement of the steel reinforcement in (Specimen S60E0) by same amount
of GFRP reinforcement in (Specimen G60E0) resulted in about 30% less ductility in the
HSC column. Despite the brittle nature of both HSC and GFRP bars, the ductility of the
Specimens G60E0F was only 10% lower than the reference specimen S60E0. Reducing
the pitch of the GFRP helix from 60 mm to 30 mm in Specimen G30E0F resulted in
about 38% higher ductility compared to Specimen S60E0, as shown in Table 5.5.
Table 5.5: Experimental results of the specimens tested under concentric axial load
Specimens
Yield load (kN)
Axial deformation at yield load (mm)
First peak load (kN)
Axial deformation at first peak load (mm)
Second peak load (kN)
Axial deformation at second peak load (mm)
Ductility

S60E0
2596
2.7
2735
2.9
------3.7

G60E0
2603
2.9
2721
3.1
------2.6

G60E0F
2624
3.1
2791
3.5
------3.3

G30E0F
2844
4.2
2983
4.5
3272
12.6
5.1

5.4.4 Behaviour of eccentrically loaded specimens
Eight specimens were tested under eccentric axial load: four specimens (S60E25,
G60E25, G60E25F and G30E25F) were tested under 25 mm eccentric axial load and
four specimens (S60E50, G60E50, G60E50F and G30E50F) were tested under 50 mm
eccentric axial load. In general, all specimens tested under eccentric axial load showed
one peak load (𝑃𝑃𝑒𝑎𝑘 1 ), even for specimens reinforced transversely with 30 mm GFRP
helices. The decrease in the confinement efficiency of the GFRP helices in the GFRP
bar reinforced specimens was attributed to the change in the loading condition at the
ends of the specimens from concentric axial load to 25 mm or 50 mm eccentric axial
loads.

Figure 5.10a presents the axial load versus axial deformation behaviour of the
specimens tested under 25 mm eccentric axial load. The axial load versus lateral
deformation behaviour of the specimens is also presented in Fig 5.10a.
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Fig. 5.10: Axial load-axial deformation and axial load-lateral deformation behaviour of
the

specimens tested under: (a) 25 mm eccentric axial load and (b) 50 mm eccentric

axial load
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The ascending part of the load deformation curve of the specimens tested under 25 mm
eccentric axial load was almost linear until the concrete cover started to spall off. This
was an indication that the confinement provided by the transverse reinforcement and the
steel fibres had insignificant effect on the axial load-axial deformation behaviour of the
Specimens S60E25, G60E25, G60E25F and G30E25F up to the peak load. Similar
observation was also reported in in Paultre et al. [29] and in Hsu and Hsu [31].
Specimen S60E25 sustained maximum axial load of 1771 kN. The maximum axial load
sustained by Specimen G60E25 was 1599, which was approximately 10% less than the
axial load sustained by the reference Specimen S60E25. The ductility of Specimen
G60E25 was only 3% lower than the ductility of the reference Specimen S60E25 due to
the high tensile strength of the longitudinal GFRP bars which contributed in increasing
the ductility of Specimen G60E25 as the load eccentricity increased to 25 mm. Similar
to the concentrically loaded specimens, Specimen G60E25F sustained a slightly higher
axial load (about 1.25%) than the reference Specimen S60E25. The ductility of the
Specimens G60E25F was about 20 and 24% higher than the ductility of Specimen
S60E25 and G60E25, respectively. This was an indication on the effect of the steel
fibres on the ductility of the specimens. Reducing the pitch of the GFRP helix in
Specimens G30E25F did not increase the axial load sustained by the specimen. This is
because the closely spaced GFRP helix caused a separation plane between the concrete
core and the surrounding concrete cover, which led to early spalling (instability failure)
of the concrete cover. Similar observations were also reported in Razvi and Saatcioglu
[32] and in Pessiki and Pieroni [33]. However, reducing the pitch of the GFRP helix in
Specimen G30E25F enhanced the post-peak behaviour, where specimen G30E25F
sustained an almost constant axial load of about 94% of the maximum axial load until
failure. Moreover, the ductility of Specimen G30E25F increased by about 40%, 44%
and 17% compared to Specimens S60E25, G60E25 and G60E25F, respectively.

In comparison with the concentrically loaded specimens, GFRP bar reinforced HSC
specimens in Group G60 experienced a reduction of 41% in the axial load carrying
capacity due to increasing the eccentricity of the applied load from zero (concentric
axial load) to 25 mm eccentric axial load. This reduction was about 6% greater than the
reduction in the axial load carrying capacity experienced by the steel bar reinforced
HSC specimens in Group S60. However, the reduction in the axial load carrying
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capacity of the GFRP bar reinforced SFHSC specimens in group G60F was almost
similar to the reduction in the axial load carrying capacity of the steel bar reinforced
HSC specimens (Group S60).

Figure 5.10b shows the axial load-axial deformation and axial load-lateral deformation
behaviour of the specimens tested under 50 mm eccentric axial load. Similar to the
specimens tested under 25 mm eccentric axial load, the behaviour of Specimens
S60E50, G60E50, G60E50F and G30E50F throughout the ascending part of their axial
load-axial deformation curves was slightly influenced by the confinement provided by
the helices and the steel fibres. The axial load sustained by the reference Specimen
S60E50 was 1158 kN. Specimen G60E50 sustained about 12% lower axial load than the
reference Specimen S60E50. However, Specimen G60E50 achieved about 11% higher
ductility than Specimen S60E50, as the load eccentricity increased to 50 mm.
Specimens G60E50F achieved about 0.6% and 14% higher axial load and 25% and 13%
higher ductility in comparison with the axial load and the ductility of the Specimens
S60E50 and G60E50, respectively. Similar to Specimen G30E25F, Specimen G30E50F
achieved 10% lower axial load compared to the reference Specimen S60E50 due to the
early spalling of the concrete cover. However, due to the combined effect of the closely
spaced transverse GFRP helix and the steel fibres, the ductility of the Specimen
G30E50F was about 35% higher than the reference Specimen S60E50.

It was found that the reduction in the axial load carrying capacity experienced by the
steel bar reinforced HSC specimens of Group S60 due to increasing the loading
eccentricity to 50 mm was about 58%, whereas the reduction in the axial load carrying
capacity exhibited by the GFRP bar reinforced HSC specimens in Groups G60, under
the same loading eccentricity, was about 62%. The GFRP bar reinforced SFHSC
specimens in Group G60F and Group G30F experienced about 58% and 65% reduction
in the axial load carrying capacity, respectively.

131

`

Table 5.6: Experimental results of the specimens tested under eccentric axial load
Specimens
Yield load (kN)
Axial deformation at yield load (mm)
First peak load (kN)
Axial deformation at first peak load (mm)
Second peak load (kN)
Axial deformation at second peak load (mm)
Ductility

Loaded under 25 mm eccentric axial load
S60E25 G60E25 G60E25F G30E25F
1728
1551
1728
1626
2.7
2.5
2.8
2.7
1771
1599
1793
1686
2.8
2.7
3.1
2.8
------------------------3.5
3.4
4.2
4.9
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Loaded under 50 mm eccentric axial load
S60E50
G60E50 G60E50F G30E5F
1143
990
1121
994
2.8
2.5
2.8
2.4
1158
1023
1165
1048
2.9
2.6
3.0
2.6
------------------------3.4
3.8
4.3
4.6
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It was observed that under concentric axial load, the axial load carrying capacity of the
GFRP bar reinforced HSC Specimen G60E0 in Group G60 was almost similar to the
axial load of the reference Specimen S60E0 in Group S60, which was reinforced with
the same amount of steel longitudinal bars and helices. However, the efficiency of the
GFRP bar reinforced HSC specimens in sustaining axial load decreased with increasing
the loading eccentricity, where under 25 mm and 50 mm eccentric axial load,
Specimens G60E25 and G60E50 in Group G60 sustained 10 and 12% lower axial load
compared to the reference steel bar reinforced HSC Specimens S60E25 and S60E50 in
Group S60. On the other hand, the axial load carrying capacity of the specimen in
Group G60F was slightly greater than the axial load carrying capacity of the specimen
in Group S60 under concentric axial loads. Under eccentric axial loads (combined axial
load and bending moment), the specimens in Group G60F experienced a reduction in
the axial load carrying capacity due to the combined stresses in the cross-section of the
specimens. However, the axial load carrying capacity of the eccentrically loaded
specimens in Group G60F was still greater than the axial load carrying capacity of the
eccentrically loaded specimens in Group S60. Table 5.6 reports the experimental results
(peak loads, corresponding deformations and ductility) of the specimens tested under 25
mm and 50 mm eccentric axial loads.

5.4.5 Behaviour of specimens tested under four-point loading
Four specimens (S60B, G60B, G60BF and G30BF) were tested as beam under fourpoint loading to explore the behaviour of the specimens under pure flexural load. Fig.
5.11 shows the load-midspan deflection behaviour of the tested specimens. Table 5.7
presents the experimental results of the tested specimens. Two layers of CFRP sheets
were used to wrap the shear span of the GFRP bar reinforced Specimens G60B, G60BF
and G30BF to reduce the effect of the shear-induced deflection at midspan and to
prevent the shear failure, which might occur because of the small span-to-depth ratio of
the tested specimens as well as the high tensile strength of the longitudinal GFRP bars.
The shear span of the reference Specimen S60B was also wrapped with CFRP sheets to
achieve a consistent comparison. The steel bar reinforced specimen S60B experienced
only first peak load, whereas all the GFRP bar reinforced specimens experienced two
peak loads.
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Fig. 5 .11: Load-midspan deflection behaviour of the specimens tested under four-point
loading

All specimens tested under four-point loading experienced a linear ascending behaviour
up to the first peak load. The reference Specimen S60B sustained load of 309 kN at the
first peak. Specimens G60B, G60BF and G30BF sustained about 4, 17 and 19% higher
load, respectively, than the reference specimen S60B. Afterwards, Specimens S60B and
G60B experienced a drop in the load carrying capacity of about 13% and 6%,
respectively, due to the crushing of the concrete cover at the compression face of the
specimens. However, Specimens G60BF and G30BF experienced no drop in the load
carrying capacity due to the presence of the steel fibres. In the post-peak part of the
load-midspan deflection behaviour, the reference Specimen S60B showed no clear
second peak load, as mentioned above, and carried an almost constant load of about
75% of the first peak load until failure. But, Specimens G60B, G60BF and G30BF
showed a linear ascending post-peak behaviour until failure reaching a second peak load
of about 61%, 65% and 88% higher than the first peak load, respectively. The ductility
of Specimens G60BF and G30BF was about 12, 9% and 40% higher than the ductility
of the reference specimen S60B, respectively.
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Table 5.7: Experimental results of the specimens tested under four-point loading
Specimen
First peak load (kN)
Axial deformation at first peak load (mm)
Second peak load (kN)
Axial deformation at second peak load (mm)
Ductility

S60B
309
7.5
------4.9

G60B
321
6.8
517
16.9
5.5

G60BF
361
7.3
597
16.7
5.3

G30BF
369
7.2
696
18.9
7.0

5.5 Axial load-bending moment interaction diagrams
For designing of the concrete members subjected to different loading conditions
(concentric, eccentric and flexural loads), interaction diagrams are plotted for the tested
specimens. In this study, four points were used to establish the axial load-bending
moment (𝑃– 𝑀) diagrams for the experimentally tested specimens in the Groups S60,
G60, G60F and G30F. The first point on each (𝑃– 𝑀) diagram represents the
concentrically loaded specimens, the second and the third points represent the
specimens tested under 25 mm and 50 mm eccentric axial loads, respectively, whereas
the fourth point represents the specimens tested as beam under four-point loading. As
most specimens in this study showed no second peak load, the first peak load will be
considered the maximum axial load carrying capacity to use for the design purposes.
Consequently, the first peak load (𝑃𝑃𝑒𝑎𝑘 1 ) experienced by the specimens was used in
establishing the interaction diagrams. For the concentrically loaded specimens, the value
of the bending moment was taken equal to zero. The bending moment, including the
secondary moment for specimens tested under 25 and 50 mm eccentric axial loads was
calculated using Eq. 5.1, while the bending moment of the specimen tested under fourpoint loading were calculated using Eq. 5.2.

𝑀 = 𝑃𝑃𝑒𝑎𝑘 1 (e + δ)
𝑀 = 𝑃𝑃𝑒𝑎𝑘 1 L⁄6
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where 𝑃𝑃𝑒𝑎𝑘 1 = the first peak load of the tested specimens; 𝛿 = the corresponding lateral
deformation; 𝑒 = the load eccentricity and 𝐿 = the length between the supports of the
beam specimens (Fig. 5.3).
The experimental axial load-bending moment (𝑃– 𝑀) diagrams of the Groups S60,
G60, G60F and G30F are shown in Fig. 5.12. It was observed that the axial load and the
corresponding bending moment achieved by steel bar reinforced specimens of Group
S60 under concentric and eccentric axial load were higher than the axial load and
corresponding bending moment of the specimens reinforced with same amount of
GFRP reinforcement in Group G60. This is because the elastic modulus of the GFRP
bars is lower than the elastic modulus of the steel bars. However, Group G60F
specimens experienced higher axial load and moment capacity under concentric,
eccentric and flexural loads compared to the Group S60 specimens, which was an
indication on the effect of the addition of steel fibres in HSC. The axial load-bending
moment diagram of Group G30F was lower than Groups S60 and G60F under eccentric
axial load because of the early spalling of the concrete cover that resulted in lower than
expected axial load carrying capacity. However, Specimens G30E0F and G30BF
experienced higher axial load and higher bending moment capacity under concentric
and pure flexural loads, respectively compared to Groups S60, G60 and G60F
specimens.

The analytical axial load-bending moment interaction diagrams for the GFRP bar
reinforced HSC and SFHSC specimens were established to complement the
experimental results. The analytical (𝑃– 𝑀) interaction diagrams of the GFRP bar
reinforced specimens were developed based on the strain compatibility and the force
equilibrium principles adopted for the conventional steel bar reinforced specimens. The
CSA A23.3-2014 [34] equivalent rectangular stress block, developed for the steel bar
reinforced concrete specimens, was used to predict the axial load carrying capacity and
the corresponding bending moment resistances for the GFRP bar reinforced specimens.
Two parameters 𝛼1 and 𝛽1 were used to define the CSA A23.3-2014 [34] equivalent
rectangular stress block. The parameters 𝛼1 and 𝛽1 were calculated using Eq. 5.3 and
Eq. 5.4, respectively.
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Fig. 5 .12: Experimental axial load-bending moment (𝑃– 𝑀) interaction diagrams

The GFRP bars were assumed to have a linear elastic stress-strain relationship. Besides,
the limiting strain 𝜀𝑐𝑢 at the extreme concrete compression layer was taken equal to
0.0035, as prescribed in the CSA A23.3-2014 [34].
𝛼1 = 0.85 − 0.0015𝑓𝑐′ ≥ 0.67

(5.3)

𝛽1 = 0.97 − 0.0025𝑓𝑐′ ≥ 0.67

(5.4)

Figure 5.13 compares the analytical interaction diagrams obtained using the CSA
A23.3-2014 [34] equivalent rectangular stress block with the experimental data. The
comparison indicates that using the equivalent rectangular stress block defined in the
CSA A23.3-2014 [34] yielded reasonable conservative correlations between the
computed and the experimentally obtained results. The conservative predictions were
attributed to the conservative parameters of the CSA A23.3-2014 [34] equivalent
rectangular stress block. Similar observations were also reported in Canbay et al. [12]
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and in Ozbakkaloglu and Saatcioglu [35] for steel bar reinforced concrete columns
under concentric and eccentric axial loads. This was an indication that the response of
the GFRP bar reinforced concrete specimens under different loading condition can be
reasonably estimated using the same methods adopted for the steel bar reinforced
concrete specimens.
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Fig. 5 .13: Comparison of the experimental and analytical axial load-bending moment
(𝑃– 𝑀) interaction diagrams: (a) Group S60; (b) Group G60; (c) Group G60F and (d)
Group G30F
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5.6 Conclusions
In this study, 16 specimens were tested under different loading conditions: four
specimens under concentric axial load, eight specimens under eccentric axial load and
four specimens under four-point loading. The behaviour of the GFRP bar reinforced
HSC and SFHSC specimens in regarding to the axial load carrying capacity, failure
modes and ductility. Based on the test findings, the following conclusion could be
drawn:
1. For HSC specimens, the direct replacement of the longitudinal and transverse steel
reinforcement with the same amount of GFRP reinforcement did not influence the
axial load carrying capacity of the specimen under concentric axial load. However,
GFRP bar reinforced HSC specimens experienced about 10% and 12% lower axial
load carrying capacity than the steel bar reinforced HSC specimens as a result of
changing the loading condition from concentric axial load to 25 and 50 mm eccentric
axial load, respectively.
2. For SFHSC, it was observed that Group G60F specimens sustained similar or slightly
greater axial load than Group S60 specimens under concentric axial loads. The
specimens in Group G60F experienced a reduction in the axial load carrying capacity
under eccentric axial loads (combined axial load and bending moment) due to the
combined stresses in the cross-section of the specimens. However, the axial load
carrying capacity of the eccentrically loaded specimens in Group G60F was still
greater than the axial load carrying capacity of the eccentrically loaded specimens in
Group S60.
3. Under concentric axial load, only Specimen G30E0F (reinforced transversely with 30
mm GFRP helix) experienced a second peak load, which was higher than the first
peak load. However, all the eccentrically loaded GFRP bar reinforced specimen
showed no second peak load even specimens reinforced transversely with 30 mm
GFRP helices due to the change in the loading condition from concentric axial load
to 25 mm or 50 mm eccentric axial loads. This was an indication that the efficiency
of the GFRP transverse reinforcement in confining HSC columns decreases with an
increase in the eccentricity of the applied axial load.
4. The failure of the steel bar reinforced HSC specimens was initiated by the buckling
of the longitudinal steel bars and then the rupture of the longitudinal steel bars or the
steel helices resulted in the total failure of the specimens. The failure of GFRP bar
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reinforced HSC specimens was controlled by the rupture of both the longitudinal
GFRP bars and the GFRP helices, whereas the failure of the GFRP bar reinforced
SFHSC specimens was mainly attributed to the rupture of the GFRP helices.
5. Under concentric axial load, replacing the steel reinforcement with the same amount
of GFRP reinforcement in HSC specimens resulted in about 30% reduction in the
ductility of the specimen. However, under the same loading condition (concentric
axial load), GFRP bar reinforced SFHSC specimens experienced almost similar
ductility compared to the conventional steel bar reinforced HSC specimen.
6. Despite the non-ductile behaviour of HSC and GFRP bars, reducing the pitch of the
GFRP helices with the addition of 1% by volume steel fibres resulted in about 3540% higher ductility of Group G30F specimens compared to the reference specimens
of Group S60 under different loading conditions. However, closely spaced GFRP
helices might lead to an early spalling of the concrete cover.
7. The axial carrying capacity and the bending moment resistances of the GFRP bar
reinforced concrete specimens can be reasonably calculated using the equivalent
rectangular stress block defined in the CSA A23.3-2014 [34]. This indicates that the
response of the GFRP bar reinforced concrete specimens under different loading
condition can be predicted using the same analytical procedures used for the steel bar
reinforced concrete specimens.
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Preamble
Due to the discrepancy in the response of Fibre Reinforced-Polymer (FRP) bars under
axial compression, there is no consensus in the previous research studies on a unified
equation for predicting the maximum axial load carrying capacity of FRP bar reinforced
concrete columns. A considerable number of research studies on FRP bar reinforced
concrete columns have been conducted in the last few decades. These studies proposed
a number of theoretical equations to predict the maximum axial load carrying capacity
of FRP bar reinforced concrete columns under axial compression. However, the
efficiency and the accuracy of these equations have not been examined using a wide
range of experimental data.
This chapter proposes a new equation to predict the maximum axial load carrying
capacity of FRP bar reinforced concrete columns under axial compression. Reliable
experimental database of FRP bar reinforced concrete columns tested under monotonic
axial compression were firstly established in this chapter. The experimental database
included test results of the FRP bar reinforced column specimens reported in Chapter
Three, Chapter Four and Chapter Five of this thesis and other test results from available
literature. The efficiency of the equation proposed in this chapter and the equations
proposed in the previous research studied in predicting the maximum axial load
carrying capacity of FRP bar reinforced concrete column was then assessed using this
experimental database. The results of this assessment are discussed thoroughly in the
subsequent sections.
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6.1 Abstract
In this study, a new equation is proposed to compute the maximum axial load carrying
capacity of FRP bar reinforced concrete columns under axial compression. The equation
proposed in this study was critically compared with the equations proposed in the
previous research studies using a wide range of experimental data taken from the
available literature. In general, it was found that computing the contribution of the FRP
longitudinal bars in concrete columns based on the modulus of elasticity (stiffness) of
the FRP bars provides more rational predictions than computing the contribution of the
FRP longitudinal bars based on the ultimate tensile strength. It was also found that using
a concrete compressive strength-based empirical equation in estimating the axial strain
in the FRP longitudinal bars in concrete columns provides more accurate predictions of
the contribution of the longitudinal FRP bars in the axial load sustained by the FRP bar
reinforced concrete columns.

6.2 Introduction
The main function of a reinforced concrete column is to sustain axial loads with or
without bending moments. The axial load carrying capacity of steel bar reinforced
concrete columns decreases over the design (service) life of the concrete structures due
to the corrosion of steel bars, especially in coastal regions or in harsh environments. The
cost of rehabilitation and repair of deteriorated concrete structures is significantly high
[1]. The National Association of Corrosion Engineers (NACE) International reported
that the United States of America spends about two billion dollars annually to replace
and repair the piers of the concrete bridges and about one billion dollars annually for
maintaining marine piling systems [2].

Fibre Reinforced-Polymer (FRP) bars have the potential to replace steel bars and
overcome the deterioration of concrete structures associated with the corrosion of steel
reinforcement. This is because FRP bars possess many advantageous characteristics
such as the resistance to the harsh environmental conditions, light weight and high
tensile strength. Although FRP bars possess several favourable characteristics as
reinforcement in flexural concrete members, the use of FRP bars as reinforcement in
compression concrete members is still not recommended. This is because the ultimate
compressive strength of the FRP bar is considerably lower than its ultimate tensile
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strength [3]. Chaallal and Benmokrane [4] tested GFRP bars of three different diameters
(15.9, 19.1 and 25.4 mm) and observed that the average compressive strength of the
GFRP bars was 77% of the tensile strength. Kobayashi and Fujisaki [5] reported that the
strength of the Aramid-FRP (AFRP), Glass-FRP (GFRP) and Carbon-FRP (CFRP) bars
under axial compression were about 10%, 30-40% and 30-50% of their tensile strength,
respectively. Deitz et al. [6] tested GFRP bars with a diameter of 15 mm under axial
compression and observed that the ultimate compressive strength of the GFRP bars was
approximately equal to 50% of their tensile strength.

The acceptance of FRP bars as longitudinal reinforcement in concrete compression
members such as concrete columns requires the development of design guidelines. In
this regard, experimental and analytical research studies were conducted to investigate
and to understand the behaviour of concrete columns reinforced longitudinally with
FRP bars. Alsayed et al. [7] reported that the direct replacement of the longitudinal steel
reinforcement with an equivalent amount of GFRP reinforcement reduced the axial load
carrying capacity of the concrete columns by about 13%, irrespective of the type of the
transverse reinforcement (steel or GFRP). Choo et al. [8] observed through an analytical
study on FRP bar reinforced square concrete columns that ignoring the contribution of
the longitudinal FRP bars in the compression region of the concrete columns may be
overly conservative. Tobbi et al. [9] and Afifi et al. [10] reported that GFRP and CFRP
longitudinal bars can contribute up to 10% and 13% of the axial load carrying capacity
of the concrete columns, respectively. Hadhood et al. [11] reported that GFRP
longitudinal bars contributed about 5% of the axial load carrying capacity of GFRP bar
reinforced high strength concrete (HSC) columns. A similar contribution for GFRP bars
in HSC columns was also reported in Hadi et al. [12].

Due to the variances in the reported ultimate compressive strength of the FRP bars and
their contribution as longitudinal reinforcement in concrete columns, no theoretical
equation was recommended in the CAN/CSA S806-12 [13] or in ACI 440.1R-15 [14] to
predict the maximum axial load carrying capacity of FRP bar reinforced concrete
columns. Nonetheless, several theoretical equations were proposed in the previous
research studies to predict the maximum axial load carrying capacity of FRP bar
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reinforced concrete columns. However, these equations have not been adequately
assessed using a wide range of experimental data.

In this study, a new equation is proposed to predict the maximum axial load carrying
capacity of concrete columns reinforced longitudinally with FRP bars. The theoretical
equations, proposed in this study and in the previous studies, were critically assessed
using a wide range of experimental data taken from the available literature. The
observations reported in this study can help in establishing guidelines for designing FRP
bar reinforced concrete compression members

6.3 Conceptual assumptions
The analysis of conventional steel bar reinforced concrete members is based on several
basic assumptions, which are essential to compute the load carrying capacity of these
members under different loading conditions. It was reported that these assumptions
might be applicable to be used for GFRP bar reinforced concrete members [8, 11, 15].
Therefore, the assumptions were presented first and were used to analytically
investigate the behaviour of GFRP bar reinforced circular concrete columns under
concentric axial loads. The basic assumptions are:
1. The maximum strain, 𝜀𝑐 , in concrete does not exceed an assumed ultimate concrete
compressive strain, 𝜀𝑐𝑢 .
2. A perfect bond exists at the interfaces between the GFRP bars and the surrounding
concrete.
3. The axial strain in the concrete, 𝜀𝑐 , and the axial strain in GFRP reinforcing bars, 𝜀𝑓 ,
are equal at any concentric axial load.

6.4 Maximum axial load carrying capacity
6.4.1 Steel bar reinforced concrete columns
The maximum axial load carrying capacity, 𝑃𝑜 , of conventional steel bar reinforced
concrete columns under concentric axial load can be predicted using Eq. 6.1 [16-17].
𝑃𝑜 = 𝑃𝑐 + 𝑃𝑏𝑎𝑟,𝑠𝑡
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𝑃𝑐 = 𝛼𝑓′𝑐 (𝐴𝑔 − 𝐴𝑠𝑡 )

(6.2)

𝑃𝑏𝑎𝑟,𝑠𝑡 = 𝑓𝑦 𝐴𝑠𝑡

(6.3)

Equation 6.1 represents the summation of the axial loads sustained by the concrete and
steel longitudinal bars. The 𝑃𝑐 represents the contribution of the concrete considering
the gross area of the columns 𝐴𝑔 as shown in Eq. 6.2. The 𝑃𝑏𝑎𝑟,𝑠𝑡 represents the
contribution of the longitudinal steel bars. The 𝑓𝑦 and 𝐴𝑠𝑡 (Eq. 6.3) are the yield strength
and the total cross-sectional area of the longitudinal steel bars.

The compressive strength of plain concrete in full-scale concrete columns tested under
concentric axial loads is generally lower than the compressive strength of standard
concrete cylinders. The differences between the compressive strength of concrete in
columns and the compressive strength of standard concrete cylinders are commonly
attributed to the differences in the shape, size and concrete casting process between
columns and cylinders. In Eq. 6.2, the parameter α is a reduction factor that represents
the ratio between the in-place compressive strength of concrete in actual concrete
columns to the compressive strength of standard concrete cylinders. Extensive
experimental investigations were carried out on reinforced concrete columns and the
parameter α was recommended to be taken equal to 0.85 [18]. The recommended value
for the parameter α was considered in ACI 318-14 [16] to determine the contribution of
the concrete in the maximum axial load carrying capacity of conventional steel bar
reinforced concrete columns (Eq. 6.4).
𝑃𝑜 = 0.85𝑓𝑐′ (𝐴𝑔 − 𝐴𝑠 ) + 𝑓𝑦 𝐴𝑠

(6.4)

6.4.2 FRP bar reinforced concrete columns
Different equations were proposed in the previous research studies to predict the
maximum axial load carrying capacity of FRP bar reinforced concrete columns. It is
important to note that the contribution of the concrete, in the analytically computed
axial load carrying capacity of FRP bar reinforced concrete columns, remains similar in
all of the proposed equations. In other words, the differences in the analytically
computed values of 𝑃𝑜 for FRP bar reinforced concrete columns are primarily due to the
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different concepts adopted in different proposed equations for calculating the
contribution of the FRP longitudinal bars (𝑃𝑏𝑎𝑟,𝐹𝑅𝑃 ).
The compressive strength of FRP bar is considerably lower than its tensile strength and
the behaviour of FRP bar under compressive loads differs significantly, as mentioned
above. Hence, ACI 440.1R-06 [19] recommends not to reinforce concrete columns
longitudinally with FRP bars and ACI 440.1R-15 [14] provided no recommendations in
this regard. The CAN/CSA S806-12 [13] permits reinforcing concrete columns
longitudinally with FRP bars. However, CAN/CSA S806-12 [13] recommends
neglecting the contribution of the FRP longitudinal bars when predicting the maximum
axial load carrying capacity of the FRP bar reinforced concrete columns. Based on the
recommendations in the CAN/CSA S806-12 [13], the maximum axial load carrying
capacity of FRP bar reinforced concrete columns can be predicted using Eq. 6.5.
𝑃𝑜 = 0.85𝑓𝑐′ (𝐴𝑔 − 𝐴𝑓 )

(6.5)

where 𝐴𝑓 represents the total cross-sectional area of GFRP longitudinal bars.

However, a considerable number of research studies observed that disregarding the
contribution of FRP longitudinal bars in compression, as in Eq. 6.5, might result in a
large difference between the analytically computed and the experimentally obtained
axial load carrying capacity of the FRP bar reinforced concrete columns [10, 20-21].
Therefore, two approaches were considered to compute the contribution of FRP
longitudinal bars in the maximum axial load carrying capacity of FRP bar reinforced
concrete columns. In the first approach, the axial load sustained by FRP longitudinal
bars is calculated using the tensile strength of the FRP bars, 𝛼𝑓 𝑓𝑓𝑢 𝐴𝑓 (Eq. 6.6). In the
second approach, the axial load sustained by FRP longitudinal bars is calculated using
the axial strain in the FRP bars and the stiffness (modulus of elasticity) of the FRP bars,
𝜀𝑓 𝐸𝑓 𝐴𝑓 (Eq. 6.7).
𝑃𝑜 = 0.85𝑓𝑐′ (𝐴𝑔 − 𝐴𝑓 ) + 𝛼𝑓 𝑓𝑓𝑢 𝐴𝑓

(6.6)

𝑃𝑜 = 0.85𝑓𝑐′ (𝐴𝑔 − 𝐴𝑓 ) + 𝜀𝑓 𝐸𝑓 𝐴𝑓

(6.7)
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In Eq. 6.6, the parameter 𝛼𝑓 is a reduction factor, which accounts for the difference
between the compressive and the tensile strengths of FRP bars. The 𝛼𝑓 represents the
ratio between the strength of FRP bar under compression and the strength of the FRP
bar under tension. Different values for 𝛼𝑓 were recommended in the previous studies.
Alsayed et al. [7] suggested taking 𝛼𝑓 equal to 0.6. Later, Tobbi et al. [9] recommended
taking 𝛼𝑓 equal to 0.35 based on experimental observations reported in Kobayashi and
Fujisaki [5]. Also, 𝛼𝑓 was recommended to be taken equal to 0.35 in Afifi et al. [22] for
GFRP bar reinforced circular concrete columns. However, for CFRP bar reinforced
circular concrete columns, Afifi et al. [10] recommended taking 𝛼𝑓 equal to 0.25.

In Eq. 6.7, different values were also suggested for the axial strain in the FRP
longitudinal bars, 𝜀𝑓 , at the maximum axial load carrying capacity of the concrete
columns. Mohamed et al. [2] suggested taking 𝜀𝑓 equal to 0.002, explaining that this
value (𝜀𝑓 = 0.002) represents the axial strain in the FRP longitudinal bars at the initiation
of the micro-cracks in the plastic stage of the concrete. However, Hadi et al. [21]
recommended taking 𝜀𝑓 equal to 0.003, which represents the ultimate strain of the
concrete, 𝜀𝑐𝑢 .
It is obvious that different research studies proposed different equations based on a
limited number of experimental data. Therefore, there is no consensus in the previous
research studies on a unified equation for predicting the maximum axial load carrying
capacity of FRP bar reinforced concrete columns, which may also be attributed to the
variances in the response of the FRP bars under axial compression.
In this study, the axial load sustained by FRP longitudinal bar 𝑃𝑏𝑎𝑟,𝐹𝑅𝑃 was predicted
based on the stiffness of the FRP bars. The axial strain in the FRP longitudinal bars 𝜀𝑓 at
the maximum axial load carrying capacity of the concrete columns was considered to be
equal to the concrete axial strain at peak stress 𝜀𝑐𝑜 . The concept adopted in this study is
consistent with the third assumption in Section 6.2, which states that the axial strain in
the concrete and the axial strain in longitudinal FRP reinforcing bars are equal at any
concentric axial load. Accordingly, the maximum axial load carrying capacity of FRP
bar reinforced concrete columns can be predicted using Eq. 6.8:
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𝑃𝑜 = 0.85𝑓𝑐′ (𝐴𝑔 − 𝐴𝑓 ) + 𝜀𝑐𝑜 𝐸𝑓 𝐴𝑓

(6.8)

Based on a considerable number of theoretical and experimental research studies,
several empirical formulas were proposed in the past few decades for computing the
concrete axial strain at peak stress, 𝜀𝑐𝑜 . In this study, four of the available, applicable
and widely accepted formulas (Eq. 6.9 – Eq. 6.12) were used to compute 𝜀𝑐𝑜 in Eq. 6.8.

𝜀𝑐𝑜 = 735 (𝑓𝑐′ )0.25 × 10−6

(6.9)

𝜀𝑐𝑜 = 780 (𝑓𝑐′ )0.25 × 10−6

(6.10)

𝜀𝑐𝑜 = 0.0005 (𝑓𝑐′ )0.4

(6.11)

𝜀𝑐𝑜 = 0.0016 exp(240 𝑓𝑐′ ⁄𝐸1 )

(6.12)

Equation 6.9 was proposed in Popovics [23] for normal strength concrete with
compressive strength of up to 50 MPa. whereas Eq. 6.10, proposed in Wee et al. [24],
covered concrete with a compressive strength of up to 125 MPa. Legeron and Paultre
[25] proposed Eq. 6.11 for concrete with compressive strength ranging between 20 and
125 MPa, while Eq. 6.12, proposed in Yang et al. [26], is applicable to concrete with
compressive strengths ranging between 10 and 180 MPa. Although Eq. 6.9 is applicable
for normal strength concrete, an average difference of only 6% was observed between
the values of the concrete axial strain, 𝜀𝑐𝑜 , obtained from using Eq. 6.9 and Eq. 6.10.
But, the values of 𝜀𝑐𝑜 obtained using Eq. 6.9 and Eq. 6.10 were consistently below the
values of 𝜀𝑐𝑜 obtained using Eq. 6.11 and Eq. 6.12, especially for concrete having
compressive strength greater than 100 MPa.

6.5 Critical assessment of the proposed equations
The equation proposed in this study was critically reviewed using a wide range of
published experimental data (Table 6.1).
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Table 6.1: Experimental data of FRP bar reinforced concrete columns taken from available previous research studies.
Research study

Afifi et al. [10]

Specimen cross-section
Specimen Column shape Dimensions* (mm)
SP-1
Circular
300
SP-2
Circular
300
SP-3
Circular
300
SP-4
Circular
300
SP-5
Circular
300
SP-6
Circular
300
SP-7
Circular
300
SP-8
Circular
300
SP-9
Circular
300

Type
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP

FRP longitudinal reinforcement
No. of bars Diameter (mm)
𝑓𝑓𝑢 (MPa)
6
12.7
1899
10
12.7
1899
10
12.7
1899
10
12.7
1899
10
12.7
1899
10
12.7
1899
10
12.7
1899
10
12.7
1899
14
12.7
1899

Concrete
𝐸𝑓 (MPa)
140000
140000
140000
140000
140000
140000
140000
140000
140000

𝑓𝑐′ (MPa)
42.9
42.9
42.9
42.9
42.9
42.9
42.9
42.9
42.9

Afifi et al. [22]

SP-10
SP-11
SP-12
SP-13
SP-14
SP-15
SP-16
SP-17
SP-18

Circular
Circular
Circular
Circular
Circular
Circular
Circular
Circular
Circular

300
300
300
300
300
300
300
300
300

GFRP
GFRP
GFRP
GFRP
GFRP
GFRP
GFRP
GFRP
GFRP

4
8
8
8
8
8
8
8
12

15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9

934
934
934
934
934
934
934
934
934

55400
55400
55400
55400
55400
55400
55400
55400
55400

42.9
42.9
42.9
42.9
42.9
42.9
42.9
42.9
42.9

Mohamed et al. [2]

SP-19
SP-20
SP-21
SP-22
SP-23
SP-24

Circular
Circular
Circular
Circular
Circular
Circular

300
300
300
300
300
300

GFRP
GFRP
GFRP
CFRP
CFRP
CFRP

8
8
8
10
10
10

15.9
15.9
15.9
12.7
12.7
12.7

934
934
934
1899
1899
1899

55400
55400
55400
140000
140000
140000

42.9
42.9
42.9
42.9
42.9
42.9
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Table 6.1: (Continued)
Research study

Karim et al. [27]

Specimen cross-section
Specimen Column shape Dimensions* (mm)
SP-25
Circular
205
SP-26
Circular
205
SP-27
Circular
205
SP-28
Circular
205

Type
GFRP
GFRP
GFRP
GFRP

FRP longitudinal reinforcement
No. of bars Diameter (mm) 𝑓𝑓𝑢 (MPa)
6
12.7
1600
6
12.7
1600
0
0
0
0
0
0

Concrete
𝐸𝑓 (MPa)
66000
66000
0
0

𝑓𝑐′ (MPa)
32
32
32
32

Hales et al. [28]

SP-29

Circular

305

GFRP

6

16

715

44000

90

Hadhood et al. [11]

SP-30
SP-31

Circular
Circular

305
305

GFRP
GFRP

8
12

15.9
15.9

1289
1289

54900
54900

70.2
70.2

Hadhood et al. [29]

SP-32

Circular

305

CFRP

8

15.9

1680

141000

35

Hadi et al. [12]

SP-33
SP-34

Circular
Circular

210
210

GFRP
GFRP

6
6

12.7
12.7

1548
1548

67800
67800

85
85

Tobbi et al. [9]

SP-35
SP-36
SP-37
SP-38

Square
Square
Square
Square

350 x 350
350 x 350
350 x 350
350 x 350

GFRP
GFRP
GFRP
GFRP

8
12
4+4
8

19.1
15.9
12.7, 15.9
12.7

* Represents the diameter for circular columns and the length times the width of the square columns
𝑓𝑓𝑢 = The ultimate tensile strength of FRP bars
𝐸𝑓 = The modulus of elasticity of FRP bars
𝑓𝑐′ = The compressive strength of the concrete
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The equation proposed in Tobbi et al. [9] was also examined. Hadi et al. [21]
recommended assuming 𝜀𝑓 equal to 𝜀𝑐𝑢 . The equation proposed in Hadi et al. [21] was
also assessed, firstly by taking 𝜀𝑐𝑢 equal to 0.003 as defined in the ACI 318-14 [16] and
secondly by taking 𝜀𝑐𝑢 equal to 0.0035 as defined in the CSA A23.3-14 [17].
Table 6.2 presents the ratios between the analytically predicted and the experimentally
obtained axial load carrying capacity (𝑃𝑜 /𝑃𝑒𝑥𝑝. ) for the experimentally tested specimens
presented in Table 6.1. The analytically predicted axial load carrying capacity, 𝑃𝑜 , was
calculated using either Eq. 6.6 by taking 𝛼𝑓 equal to 0.35, as recommended in Tobbi et
al. [9] or using Eq. 6.8, in which the value of 𝜀𝑐𝑜 was either computed using the
formulas presented in the above section (Eq. 6.9 - Eq. 6.12) or taken equal to 𝜀𝑐𝑢 (0.003
or 0.0035 as defined in the ACI 318-14 [16] and CSA A23.3-14 [17], respectively).

In Table 6.2, the accuracy of the equations proposed in this study and in the previous
research studies in predicting the maximum axial load carrying capacity of FRP bar
reinforced concrete columns was examined using four different mathematical
measurements: Mean value (𝜇); Standard Deviation (𝑆𝐷); Coefficient of Variation
(𝐶𝑂𝑉) and the Mean Absolute Percentage Error (𝑀𝐴𝑃𝐸). The Mean value (𝜇)
represents the central value of the discrete set of 𝑃𝑜 values. The Standard Deviation
(𝑆𝐷) was used to quantify the level of variation (dispersion) for the values of 𝑃𝑜 . High
standard deviation indicates that the predicted axial load carrying capacities of the FRP
bar reinforced concrete specimens are spread out over a wider range of values (less
reliable) and vice versa. The standard deviation (𝑆𝐷) indicates to an absolute term of
how much the values of 𝑃𝑜 are spread. The values of 𝑃𝑜 were then assessed as a
percentage of how far away they spread from their mean value using the Coefficient of
Variation (𝐶𝑂𝑉). The lower the 𝐶𝑂𝑉, the lower the dispersion of 𝑃𝑜 is from the mean
value. The Mean Absolute Percentage Error (𝑀𝐴𝑃𝐸) is also used as a measurement to
examine the accuracy of the equation proposed in this study and the equations proposed
in previous research studies for the maximum axial load carrying capacities of the FRP
bar reinforced concrete columns. The lower the 𝑀𝐴𝑃𝐸, the better predictions provided
by the proposed equation.
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Table 6 .2: Comparison between the experimental and theoretical axial load carrying capacity of FRP bar reinforced concrete columns available
in the previous research studies
Study

Specimen

𝑷𝒐 ⁄𝑷𝒆𝒙𝒑.

𝑷𝒆𝒙𝒑.

Eq. (8)

Afifi et al [10]

Afifi et al [22]

Mohamed et al. [2]

Eq. (6)

S-1
S-2

2905
3148

Popovics
[23] c, e
0.95
0.91

Wee et al.
[24] c, e
0.95
0.92

Legeron and
Paultre [25] c, e
0.96
0.93

Yang et al.
[26] c, e
0.96
0.93

ACI 31814 [16] d
0.99
0.97

CSA A23.314 [17] d
1.01
1.00

Tobbi et al.
[9] f
1.05
1.07

S-3

2948

0.97

0.98

0.99

0.99

1.04

1.07

1.14

S-4

3070

0.93

0.94

0.95

0.95

1.00

1.03

1.10

S-5

3013

0.95

0.96

0.97

0.97

1.02

1.05

1.12

S-6

2981

0.96

0.97

0.98

0.98

1.03

1.06

1.13

S-7

3147

0.91

0.92

0.93

0.93

0.97

1.00

1.07

S-8

2941

0.97

0.98

1.00

0.99

1.04

1.07

1.15

S-9

3107

0.96

0.97

0.99

0.99

1.05

1.09

1.19

S-10
S-11

2826
2951

0.93
0.90

0.93
0.91

0.94
0.92

0.94
0.92

0.95
0.94

0.96
0.96

0.99
1.03

S-12

2857

0.93

0.94

0.95

0.95

0.97

0.99

1.06

S-13

2964

0.90

0.91

0.92

0.92

0.94

0.95

1.03

S-14

2920

0.91

0.92

0.93

0.93

0.95

0.97

1.04

S-15

2804

0.95

0.96

0.97

0.97

0.99

1.01

1.08

S-16

3019

0.89

0.89

0.90

0.90

0.92

0.94

1.01

S-17

2865

0.94

0.94

0.95

0.95

0.97

0.99

1.06

S-18

2998

0.90

0.92

0.93

0.93

0.96

0.98

1.09

S-19

2840

0.95

0.95

0.96

0.96

0.98

1.00

1.07

S-20

2871

0.94

0.94

0.95

0.95

0.97

0.98

1.06
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Table 6.2: (Continued)

Mohamed et al. [2]

Karim et al. [27]

Hales et al. [28]

Hadhood et al. [11]

Hadhood et al. [29]

Hadi et al. [12]

Tobbi et al. [9]

S-21
S-22

2935
2869

0.91
1.00

0.92
1.01

0.93
1.02

0.92
1.02

0.95
1.07

0.96
1.10

1.04
1.18

S-23

2960

0.96

0.97

0.99

0.99

1.03

1.06

1.14

S-24

3008

0.95

0.96

0.98

0.97

1.02

1.05

1.12

S-25

1220

0.79

0.80

0.80

0.81

0.84

0.86

1.07

S-26

1309

0.73

0.74

0.74

0.75

0.79

0.80

1.00

S-27

1063

0.84

0.84

0.84

0.84

0.84

0.84

0.84

S-28

1170

0.77

0.77

0.77

0.77

0.77

0.77

0.77

S-29

7126

0.78

0.79

0.79

0.79

0.79

0.80

0.81

S-31

4709

0.94

0.95

0.96

0.95

0.96

0.97

1.06

S-32

4716

0.95

0.96

0.97

0.97

0.98

0.99

1.12

S-30

3090

0.82

0.83

0.84

0.84

0.91

0.94

0.99

S-33

2721

0.94

0.94

0.96

0.95

0.96

0.97

1.05

S-34

2398

1.06

1.07

1.09

1.08

1.09

1.10

1.19

S-35

4297

0.87

0.88

0.88

0.89

0.91

0.92

0.97

S-36

4615

0.81

0.82

0.83

0.83

0.85

0.86

0.91

S-37

4212

0.88

0.88

0.89

0.89

0.90

0.91

0.94

S-38

3900

0.94

0.95

0.95

0.95

0.96

0.97

1.02

Mean

0.91

0.92

0.93

0.93

0.95

0.97

1.05

SD

0.068

0.068

0.071

0.070

0.076

0.082

0.096
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Table 6.2: (Continued)
COV (%)

7.39

7.45

7.71

7.55

7.99

8.47

9.17

MAPE

9.642

9.305

8.614

8.612

7.542

7.478

9.692

𝑃𝑒𝑥𝑝. is the experimental axial load carrying capacity of FRP bar reinforced concrete columns.
𝑃𝑜 is the theoretically computed axial load carrying capacity of FRP bar reinforced concrete columns.
c
Refers to the formula used in computing 𝜀𝑐𝑜 (Eq. 6.9 - Eq. 6.12)
d
equal to 𝜀𝑐𝑢 (0.003 or 0.0035 as defined in ACI 318-14 [16] and CSA A23.3-14[17], respectively).
e
The contribution of the FRP longitudinal bars in 𝑃𝑜 was computed based on the formula defined in the footnote “c” above.
f
The contribution of the FRP longitudinal bars in 𝑃𝑜 was assumed to be equal to 0.35𝑓𝑓𝑢 𝐴𝑓 (Tobbi et al. [9])
a

b
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Table 6.2 presents the comparison between the experimental and theoretical axial load
carrying capacity of FRP bar reinforced concrete columns. It was found that Eq. 6.8, in
which the contribution of the FRP bars is computed based on the stiffness of the FRP
bars, provides more reliable and safer predictions for 𝑃𝑜 compared to Eq. 6.6, in which
the contribution of the FRP bars is computed using the tensile strength of the FRP bars.
This might be mainly attributed to the fact that the modulus of elasticity of the FRP bars
in tension is approximately equal to the modulus of elasticity of FRP bars in
compression, while there is a large difference between the tensile and the compressive
strength of the FRP bars. It was also found that, in Eq. 6.8, the use of the formula
proposed by Legeron and Paultre [25] (Eq. 6.11) in computing 𝑃𝑏𝑎𝑟,𝐹𝑅𝑃 provides lower
discrepant values of 𝑃𝑜 , as shown in Fig. 6.1, giving a standard deviation and a
coefficient of variation of 0.071 and 7.71, respectively. On the other hand, taking the
concrete axial strain at peak stress 𝜀𝑐𝑜 equal to 0.003 when computing 𝑃𝑏𝑎𝑟,𝐹𝑅𝑃
provided predictions for 𝑃𝑜 with the lowest percentage of error giving a mean absolute
percentage error 𝑀𝐴𝑃𝐸 of 7.542. Furthermore, taking 𝜀𝑐𝑜 equal to 0.0035 when
computing 𝑃𝑏𝑎𝑟,𝐹𝑅𝑃 provided predictions with the highest but rather safe mean value 𝜇
for (𝑃𝑜 /𝑃𝑒𝑥𝑝. ) of = 0.97, which is very close to the unity, but with high 𝑆𝐷 and 𝐶𝑂𝑉 of
0.082 and 8.47, respectively (Fig. 6.1).
Figure 6.2 shows the relationship between the (𝑃𝑜 /𝑃𝑒𝑥𝑝. ) for the specimens presented in
Table 6.2 and the compressive strength of the concrete. In Fig. 6.2, the 𝑃𝑜 was either
obtained from Eq. 6.6 assuming 𝛼𝑓 equal to 0.35 as recommended in Tobbi et al [9] or
from Eq. 6.8 taking 𝜀𝑐𝑜 equal to 0.003 or 0.0035 or computed using the formula
proposed by Legeron and Paultre [25].
Assuming 𝛼𝑓 equal to 0.35 (Eq. 6.6), as recommended in Tobbi et al [9], over-predicts
the axial load carrying capacity for most of the FRP bar reinforced NSC and HSC
columns presented in Table 6.1, as shown in Fig 6.2a. However, using Eq. 6.8,
assuming 𝜀𝑐𝑜 equal to 0.003 for computing the contribution of the FRP bar overpredicts the axial load carrying capacity of 23% of the FRP bar reinforced specimens.
But in general it provides reasonable predictions with mean value 𝜇 for (𝑃𝑜 /𝑃𝑒𝑥𝑝. ) of
0.95.
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Fig. 6.1: Experimental versus predicted axial load carrying capacity of FRP bar reinforced concreter columns obtained using: a) Eq. 6.6 (𝛼𝑓 =
0.35); b) Eq. 6.8 (𝜀𝑐𝑜 = 0.003); c) Eq. 6.8 (𝜀𝑐𝑜 = 0.0035) and d) Eq. 6.8 (𝜀𝑐𝑜 = 0.005(𝑓𝑐′ )0.4).
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𝑃𝑜 = 0.85𝑓𝑐′ 𝐴𝑔 − 𝐴𝑓 + 𝜀𝑐𝑜 𝐸𝑓 𝐴𝑓
𝜀𝑐𝑜 = 0.003 (ACI 318−14 [16])
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Fig. 6 .2: The relationship between 𝑃𝑜 /𝑃𝑒𝑥𝑝. of the FRP bar reinforced concrete column and the compressive strength of the concrete 𝑓𝑐′ . Note: 𝑃𝑜
were obtained using: a) Eq. 6.6 (𝛼𝑓 = 0.35); b) Eq. 6.8 (𝜀𝑐𝑜 = 0.003); c) Eq. 6.8 (𝜀𝑐𝑜 = 0.0035) and d) Eq. 6.8 (𝜀𝑐𝑜 = 0.005(𝑓𝑐′ )0.4).
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On the other hand, using Eq. 6.8, considering the formula proposed in Legeron and
Paultre [25] (Eq. 6.11) for 𝜀𝑐𝑜 in computing the contribution of the FRP bar overpredicts the axial load carrying capacity of only 6% of the total number of the
specimens presented in Table 6.2 with a mean value 𝜇 for (𝑃𝑜 /𝑃𝑒𝑥𝑝. ) of 0.93, hence, it
provides reliable and safe prediction for nearly all the FRP bar reinforced NSC and
HSC column specimens (Fig 6.2d).

6.6 Conclusions
The present study proposes a theoretical equation for predicting the maximum axial
load carrying capacity of FRP bar reinforced concrete columns. In the proposed
equation, the contribution of the FRP longitudinal bars was computed based on the axial
strain and the stiffness of the FRP longitudinal bars. An empirical equation based on the
concrete compressive strength was developed to compute the axial strain in the FRP
longitudinal bars at the maximum axial load carrying capacity of the FRP bar reinforced
concrete columns. The proposed equation was validated using a large set of
experimental data available in the literature. The equation proposed in this study
provided more accurate and safe predictions of the experimentally tested FRP bar
reinforced columns. The theoretical equation proposed in this study can be easily
applied in predicting the axial load carrying capacity of normal strength and high
strength concrete columns reinforced with different types of FRP bars.
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Preamble
Reinforced concrete columns in concrete structures are in most cases subjected to
bending moments in addition to axial loads. This is due to misalignment of the axial
load on the column or because column resisting unbalanced moments from beams
supported by the columns. Therefore, the axial load-bending moment interaction
diagrams are essential to investigate the behaviour of reinforced concrete columns under
different loading conditions.

This chapter presents the analytical methods used for conducting the axial load-bending
moment interaction diagrams for GFRP bar reinforced circular concrete column. In this
chapter, the compression forces of concrete in the compression region of the GFRP bar
reinforced concrete columns were obtained using two different methods which are the
equivalent rectangular stress block methods and the layer-by-layer integration method.
The accuracy of the two methods (equivalent rectangular stress block methods and the
layer-by-layer integration method) were verified with experimental results of the GFRP
bar reinforced HSC column specimens reported in Chapter Three of this thesis and also
with experimental results of GFRP bar reinforced NSC column specimens taken from
the available literature. This chapter also presents the outcomes of a parametric study
conducted to investigate the effects of different parameters i.e. concrete compressive
strength, longitudinal GFRP reinforcement ratio on the behaviour of the GFRP bar
reinforced circular NSC and HSC columns under the axial and flexural loads. The
subsequent sections discuss the methods used in establishing the axial load-bending
moment interaction diagrams for GFRP bar reinforced circular concrete columns and
the analytical observations of the parametric study.
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7.1 Abstract
A large number of experimental research studies were carried out in the recent years to
investigate the effect of reinforcing circular concrete columns with Fibre-Reinforced
Polymer (FRP) bars instead of conventional steel bars. These studies have greatly
contributed to the current state of knowledge on the behaviour of concrete columns
reinforced longitudinally with FRP bars and transversely with FRP helices. However,
rational approaches for the analysis and the design of FRP bar reinforced concrete
columns have not been fully developed yet. Also, current design codes and guidelines
exclude provisions for the design of concrete compression members reinforced with
FRP bars. In this study, the efficiency of Glass Fibre Reinforced-Polymer (GFRP) bar
reinforced normal strength concrete (NSC) and high strength concrete (HSC) columns
in sustaining axial and flexural loads were analytically investigated. Experimental data
from available literature were used as a benchmark for the analytical investigations
conducted in this study. In addition, a comprehensive parametric study was carried out
to investigate the effect of different parameters (i.e., compressive strength of concrete,
mechanical properties and reinforcement ratio of GFRP bars, and slenderness ratio of
the columns) on the performance of concrete columns reinforced with GFRP bars. It
was observed that under concentric axial load, the improvements in the axial load
carrying capacity due to increasing the GFRP longitudinal reinforcement ratio were
more pronounced in GFRP bar reinforced NSC columns than in GFRP bar reinforced
HSC columns. It was also observed that HSC columns reinforced longitudinally with
GFRP bars with small longitudinal reinforcement ratio or low tensile modulus of
elasticity might experience a brittle tensile failure of the GFRP bars located on the
tension side of the column cross-sections, especially if the columns are expected to be
subjected to high level of axial load eccentricity.

7.2 Introduction
The corrosion of steel reinforcement of concrete structures located in harsh and
aggressive environments is one of the main causes of deterioration (loss in strength and
serviceability) of the reinforced concrete (RC) structures. Fibre-Reinforced Polymer
(FRP) reinforcement is a corrosion-resistant material. Hence, FRP bars are considered
as one of the viable alternatives to conventional steel bars as reinforcement for RC
members [1]. In addition to the corrosion resistance, FRP bars possess other attractive
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characteristics, such as high tensile strength-to-weight ratio and non-electrical and nonmagnetic conductivity [2]. However, FRP bars are anisotropic and their compressive
strength is comparatively smaller than their tensile strength [3]. Therefore, steel bars
cannot be directly replaced with FRP bars due to the differences in the mechanical
properties between the steel and the FRP bars [4].

A number of research studies were conducted in the recent years to investigate the effect
of replacing steel bars with FRP bars on the behaviour of circular and square normal
strength concrete (NSC) columns [5-9]. It was reported that the compressive strength of
the FRP bar was about 30-77% of the tensile strength [10-12]. It was also reported that
FRP bar reinforced concrete columns sustained about 5-13% lower axial load than
concrete columns reinforced with the same amount of steel bars [13-14]. Furthermore, it
was reported that the longitudinal FRP bars contributed to about 5-15% of the total axial
load carrying capacity of the FRP bar reinforced concrete columns, while the
contribution of the same amount of longitudinal steel bars ranged between 12 and 16%
of the total axial load carrying capacity of steel bar reinforced concrete columns [5-6,
15].

Research studies on the behaviour of FRP bar reinforced high strength concrete (HSC)
columns (especially columns subjected to eccentric axial loads) are limited. Hales et al.
[16] observed that the failure of Glass Fibre-Reinforced Polymer (GFRP) bar reinforced
HSC columns tested under eccentric axial loads with small eccentricities was due to the
crushing of the concrete accompanied by the compressive rupture of longitudinal GFRP
bars and the tensile rupture of the GFRP helices. It was also observed that the hoop
strain in the GFRP helices at failure was significantly lower in HSC columns than in
NSC columns. Hadhood et al. [17] found that GFRP longitudinal bars located in the
compression region of GFRP bar reinforced HSC columns tested under eccentric axial
load with large eccentricities were able to sustain the applied eccentric axial load even
in the post-peak stage of the axial load-axial deformation behaviour. It was also
observed that increasing the GFRP longitudinal reinforcement ratio from 2.2% to 3.3%
did not significantly influence the axial load-axial deformation behaviour of HSC
columns tested under concentric axial load and slightly improved the axial load-axial
deformation behaviour of the HSC columns tested under eccentric axial load. Hadi et al.
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[18] observed that the direct replacement of the longitudinal and transverse steel
reinforcement with the same amount of GFRP reinforcement resulted in a slight
reduction in the axial load carrying capacity of the concentrically loaded HSC columns.
However, Hasan et al. [19] reported that GFRP bar reinforced HSC columns tested
under 25 and 50 mm eccentric axial loads experienced about 10% and 12% lower axial
load carrying capacity compared to the axial load carrying capacity of the similar
amount of steel bar reinforced HSC columns.

The behaviour of GFRP bar reinforced concrete columns in general, and HSC columns,
in particular, have not been extensively investigated in the available literature. Also, the
effects of different parameters (i.e., reinforcement ratio and the mechanical properties of
GFRP bars, compressive strength of the concrete and the slenderness ratio of the
column) on the performance of GFRP bar reinforced NSC and HSC columns need
further investigations. In addition, there is a lack of design guidelines for FRP bar
reinforced NSC and HSC columns. The CSA S806-12 [20] and ACI 440.1R-15 [21]
have not provided design recommendations for the design of GFRP bar reinforced
concrete columns. In this study, the analytical methods and design recommendations
adopted for conventional steel bar reinforced concrete columns were used to assess the
behaviour of GFRP bar reinforced circular NSC and HSC columns under axial and
flexural loads. Also, a detailed parametric study was conducted to further investigate the
effect of different parameters on the behaviour of GFRP bar reinforced circular NSC
and HSC columns. Experimental data from the available literature were used as a
benchmark for the analytical investigations carried out in this study. The findings of the
analytical investigations will contribute to the development of guidelines for the
analysis and design of GFRP bar reinforced concrete columns under different loading
conditions.

7.3 Analytical Considerations
Two analytical methods were adopted in this study to investigate the axial and flexural
response of GFRP bar reinforced concrete columns. The first method is the
conventional equivalent rectangular stress block (ERSB) method and the second method
is the layer-by-layer integration method.
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𝑃 − 𝑀 interaction diagrams were established based on eight points (Point A to Point H),
as shown in Fig. 7.1.

To analytically compute the axial load and the corresponding bending moment
capacities at Points A-H, eight different neutral axis depths were considered based on
the axial load eccentricities expressed as ratios of the diameter of the columns (𝑒/ℎ = 0,
0.6, 0.12, 0.25, 0.5, 0.75, 1 and ∞, where 𝑒 is the axial load eccentricity and ℎ is the
diameter of the column).

Point A (𝑒/ℎ = 0) represents the axial load carrying

capacity of columns subjected to concentric axial load with zero eccentricity. Points BG represent the axial load and the corresponding bending moment capacities of columns
subjected to combined axial load and bending moment. Point H (𝑒/ℎ = ∞) represents

Axial load

the pure bending moment capacity of the column.

Bending moment

Fig. 7.1: Schematic of the analytical axial load-bending moment interaction diagram
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The analytical 𝑃 − 𝑀 interaction diagrams of the GFRP bar reinforced concrete
columns were developed based on the strain compatibility and the force equilibrium
principles adopted for conventional steel bar reinforced concrete columns: 1) The
strength of the concrete in tension is ignored, 2) Plane sections orthogonal to the
bending axis remain plane after bending, 3) The axial strain in the concrete, 𝜀𝑐 , and the
axial strain in GFRP reinforcing bars, 𝜀𝑓 , are equal at any point and 4) perfect bond
exists at the interfaces between the concrete and the embedded GFRP bars. The
subsequent sections describe the analytical methods adopted to derive the 𝑃 − 𝑀
interaction diagrams of GFRP bar reinforced concrete columns.

7.3.1 Equivalent rectangular stress block (ERSB) method
The equivalent rectangular stress block (ERSB) method is presented in different
buildings design codes, including ACI 318-14 [22]. The ERSB of ACI 318-14 [22] was
developed based on data obtained from testing NSC columns [23]. It was reported that
the ERSB of ACI 318 is not applicable for HSC columns, especially for HSC columns
subjected to concentric axial load [24-26]. This is because the ERSB of ACI 318 may
overestimate the strength of HSC columns and may lead to an unsafe design. These
observations, however, were reported for HSC columns reinforced with conventional
steel bars. In this study, the feasibility of using the ERSB of ACI 318-14 [22] in
designing NSC and HSC columns reinforced with GFRP bars was investigated.
Two parameters 𝛼1 and 𝛽1 are usually used to define the ERSB in the ACI 318-14 [22].
The parameter 𝛼1 is the ratio between the compressive strength of a concrete member to
the compressive strength of the concrete obtained from testing concrete cylinders at 28days. The parameter 𝛽1 is the ratio between the depth of the ERSB to the depth of
neutral axis ACI 318-14 [22]. The parameter 𝛼1 is recommended to have a constant
value of 0.85 for any 𝑓𝑐′ . The parameter 𝛽1 is recommended to have a value of 0.85 for
𝑓𝑐′ less than or equal to 30 MPa. For 𝑓𝑐′ greater than 30 MPa, the value of 𝛽1 is
calculated using Eq. 7.1.

𝛽1 = 0.85 − 0.05

(𝑓𝑐′ − 30)
≥ 0.65 for 𝑓𝑐′ > 30 MPa
7
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Fig. 7 .2: Strain and stress profiles of GFRP bar reinforced concrete column: (a) Equivalent rectangular stress block method and (b) Layer-by
layer integration method
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For an assumed neutral axis depth (assumed 𝑒⁄ℎ ratio), the strain in the 𝑖 𝑡ℎ layer of
GFRP longitudinal reinforcement, 𝜀𝑓𝑖 , can be computed using Eq. 7.2.
𝑐 − 𝑑𝑓𝑖
𝜀𝑓𝑖 = (
) 𝜀𝑐𝑢
𝑐

(7.2)

where 𝜀𝑐𝑢 is the ultimate concrete compressive strain and 𝑑𝑓𝑖 is the distance between the

extreme compression fibre of the column cross-section to the centre of the 𝑖 𝑡ℎ layer of
GFRP longitudinal reinforcement (Fig 7.2a). In ACI 318 (2014) [22], the ultimate
concrete compressive strain, 𝜀𝑐𝑢 , is recommended to be considered as 0.003.
The force in the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement 𝐹𝑓𝑖 and the concrete
compression force in the compression region of the column cross-section 𝐶𝑐 can be
computed using Eq. 7.3 – Eq. 7.6.
𝐹𝑓𝑖 = 𝜀𝑓𝑖 𝐸𝑓 𝐴𝑓𝑖

(7.3)

𝐶𝑐 = 𝛼1 𝑓𝑐′ 𝐴𝑐

(7.4)

𝐴𝑐 = (𝜃 − sin 𝜃 cos 𝜃)𝑟𝑐2

(7.5)

𝜃 = cos −1 (

𝑟𝑐 − 𝛽1 𝑐
)
𝑟𝑐

(7.6)

where 𝐴𝑓𝑖 is the area of the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement; 𝐴𝑐 is the area
of the concrete in the compression region of the column cross-section; and 𝑟𝑐 is the
radius of the column cross-section (equal to ℎ⁄2), as shown in Fig. 7.2a. It is worth
mentioning that the tensile strains, stresses and forces are considered as negative and the
compressive strains, stresses and forces are considered as positive.
The axial load carrying capacity, 𝑃𝑛 , represents the summation of the axial forces in the
concrete and GFRP bars (Eq. 7.7). The bending moment capacity, 𝑀𝑛 , is computed by
taking moment of the internal forces at the centroid of the column (Eq. 7.8).
𝑚

𝑃𝑛 = 𝐶𝑐 + ∑ 𝐹𝑓𝑖
𝑖=1
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𝑚

̅ + ∑ 𝐹𝑓𝑖 (𝑟𝑐 − 𝑑𝑓𝑖 )
𝑀𝑛 = 𝐶𝑐 𝑦

(7.8)

𝑖=1

where 𝑚 is the number of the GFRP longitudinal bars. The 𝑦 represents the distance
between the centroid of the column specimen to the centroid of concrete in the
compression region. The 𝑦 can be computed using Eq. 7.9.

𝑦̅ =

2𝑟𝑐 (sin3 𝜃)
3(𝜃 − sin 𝜃 cos 𝜃)

(7.9)

7.3.2 Layer-by-layer integration method
In the layer-by-layer integration method, the contribution of the individual constituents
of GFRP bar reinforced circular concrete columns (concrete, GFRP bars and the area of
concrete replaced by the GFRP bars) were computed separately as follow:

7.3.2.1 Compressive force of concrete
The unconfined concrete stress-strain model proposed by Thorenfeldt et al. [27] was
used to determine the axial stress in the concrete. Based on the unconfined concrete
stress-strain model of Thorenfeldt et al. [27], the stresses in concrete are computed
using Eq. 7.10.

𝑓𝑐 =

𝜀
′
𝑓𝑐𝑜
(𝜀 𝑐 ) 𝑞
𝑐𝑜

𝜀 𝜅𝑞
𝑞 − 1 + (𝜀 𝑐 )

(7.10)

𝑐𝑜

where 𝑓𝑐 is the axial stress in the concrete at any axial strain, 𝜀𝑐 . The 𝑓𝑐′ represents the
compressive strength of the concrete obtained from testing concrete cylinders at 28
′
days. In this study, the unconfined concrete strength 𝑓𝑐𝑜
= 0.85𝑓𝑐′ was used instead of

the cylinder concrete compressive strength 𝑓𝑐′ . The 𝜀𝑐𝑜 is the unconfined concrete strain
corresponding to the unconfined compressive strength of concrete. The 𝑞 is the
concrete stress-strain curve fitting factor, while 𝜅 is a factor that controls the slope of
the ascending and the descending branches of the concrete stress-strain curve. The
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values of 𝜀𝑐𝑜 , 𝑞 and 𝜅 were determined using Eq. 7.11 to Eq. 7.13 according to Collins
and Mitchell [28]:
𝜀𝑐𝑜 =

𝑓𝑐′
𝑞
(
)
𝐸𝑐 𝑞 − 1

(7.11)

where 𝐸𝑐 is the elastic modulus of the concrete.

𝑞 = 0.8 + (

𝑓𝑐′
)
17

(7.12)

For (𝜀𝑐 ⁄𝜀𝑜 ) ≤ 1.0,
𝜅 = 1.0

(7.13a)

𝑓𝑐′
𝜅 = 0.67 + ( ) ≥ 1.0
62

(7.13b)

For (𝜀𝑐 ⁄𝜀𝑜 ) > 1.0,

The cross-section of the column was divided into 𝑛 number of small concrete strips. In
this study, the depth of each concrete strip, 𝑡𝑠𝑖 , was taken as 1 mm, which is small
enough to obtain reasonably accurate results. The average width of each concrete
strip, 𝑏𝑠𝑖 , was determined using Eq. 7.14.

2
1
𝑏𝑠𝑖 = 2√𝑟𝑐2 − [𝑟𝑐 − (𝑖 − ) 𝑡𝑠𝑖 ]
2

(7.14)

Afterwards, the average strain in the 𝑖 𝑡ℎ concrete strip, 𝜀𝑐𝑖 , was determined as:

𝑐 − 𝑑𝑐𝑖
𝜀𝑐𝑖 = (
) 𝜀𝑐𝑢
𝑐

177

(7.15)

`

1
𝑑𝑐𝑖 = (𝑖 − ) 𝑡𝑠𝑖
2

(7.16)

where 𝑑𝑐𝑖 is the distance between the mid-height of the 𝑖 𝑡ℎ concrete strip to the extreme
compression fibre. For a given 𝜀𝑐𝑖 , the concrete stress in each concrete strip, 𝑓𝑐𝑖 , can
then be calculated by substituting the values of 𝜀𝑐𝑖 into Eq. 7.10. Eventually, the
concrete compressive force in each individual concrete strip located in the compression
zone of the column cross-section, 𝐶𝑐𝑖 , can be computed using Eq. 7.17:
𝐶𝑐𝑖 = 𝑓𝑐𝑖 𝑏𝑠𝑖 𝑡𝑠𝑖

(7.17)

In addition, the bending moment of each individual concrete strip, 𝑀𝑐𝑖 , can be
determined by taking moment about the centreline of the column cross-section using
Eq. 7.18.
1
𝑀𝑐𝑖 = 𝐶𝑐𝑖 [𝑟𝑐 − (𝑖 − ) 𝑡𝑠𝑖 ]
2

(7.18)

7.3.2.2 Tension and compression forces in reinforcement
For assumed neutral axis depth, 𝑐 (𝑒/ℎ ratio) in the section above, the strain in the 𝑖 𝑡ℎ
layer of GFRP longitudinal reinforcement, 𝜀𝑓𝑖 , can be determined using Eq. 7.2. Once
the strain in the GFRP longitudinal reinforcement is obtained, the stress in the 𝑖 𝑡ℎ layer
of GFRP longitudinal reinforcement can then be calculated using Eq. 7.19.
𝑓𝑓𝑖 = 𝜀𝑓𝑖 𝐸𝑓

(7.19)

Eventually, the tension or compression forces and the corresponding bending moment
of the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement at the centreline of the column
cross-section can be determined using Eq. 7.20 and Eq. 7.21, respectively.
𝐹𝑓𝑖 = 𝜀𝑓𝑖 𝐸𝑓 𝐴𝑓𝑖
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𝑀𝑓𝑖 = 𝐹𝑓𝑖 (𝑟𝑐 − 𝑑𝑓𝑖 )

7.3.2.3 Compressive

force of

concrete

replaced

(7.21)

by GFRP longitudinal

reinforcement
In order to avoid any overestimation in the axial load carrying capacity and the
corresponding bending moment of the GFRP bar reinforced concrete columns, the
contribution of the concrete area replaced by the longitudinal reinforcement must be
subtracted, especially when a large amount of longitudinal reinforcement is used. Since
the axial strain in the concrete, 𝜀𝑐 , and the axial strain in GFRP reinforcing bars, 𝜀𝑓 ,
were assumed to be equal at any point, the concrete strain, 𝜀𝑐𝑓𝑖 , of the concrete area
replaced by the 𝑖 𝑡ℎ layer of GFRP longitudinal reinforcement can be computed using
Eq. 7.22:
𝑐 − 𝑑𝑓𝑖
𝜀𝑐𝑓𝑖 = 𝜀𝑓𝑖 = (
) 𝜀𝑐𝑢
𝑐

(7.22)

For a given 𝜀𝑐𝑓𝑖 , the concrete axial stress, 𝑓𝑐𝑓𝑖 , in the concrete area replaced by the 𝑖 𝑡ℎ
layer of GFRP longitudinal reinforcement can then be calculated by substituting 𝜀𝑐𝑓𝑖
into Eq. 7.10. The compressive force of the concrete, 𝐶𝑐𝑓𝑖 , and the corresponding
bending moment, 𝑀𝑐𝑓𝑖 , for the concrete area replaced by the 𝑖 𝑡ℎ layer of GFRP
longitudinal reinforcement can then be determined using Eq. 7.23 and Eq. 7.24,
respectively.

𝐶𝑐𝑓𝑖 = 𝑓𝑐𝑖 𝐴𝑓𝑖

(7.23)

𝑀𝑐𝑓𝑖 = 𝐶𝑐𝑓𝑖 (𝑟𝑐 − 𝑑𝑓𝑖 )

(7.24)

It should be noted that the compressive force of the concrete and the corresponding
bending moment of the concrete area replaced by the 𝑖 𝑡ℎ layer of GFRP longitudinal
reinforcement were accounted for concrete in the compression zone only.
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Finally, the resultant axial load carrying capacity, 𝑃𝑛 , and the bending moment, 𝑀𝑛 , of
the entire GFRP bar reinforced circular concrete column can be calculated by the
summation of the forces and the moment of the individual component of the columns
(concrete, longitudinal reinforcement and the concrete area replaced by the longitudinal
reinforcement) as expressed in Eq. 7.25 and Eq. 7.26, respectively.

𝑛

𝑚

𝑚

𝑃𝑛 = ∑ 𝐶𝑐𝑖 + ∑ 𝐹𝑓𝑖 − ∑ 𝐶𝑐𝑓𝑖
𝑖=1

𝑖=1

(7.25)

𝑖=1

𝑛

𝑚

𝑚

𝑖=1

𝑖=1

𝑖=1

1
𝑀𝑛 = ∑ 𝐶𝑐𝑖 [𝑟𝑐 − (𝑖 − ) 𝑡𝑠𝑖 ] + ∑ 𝐹𝑓𝑖 (𝑟𝑐 − 𝑑𝑓𝑖 ) − ∑ 𝐶𝑐𝑓𝑖 (𝑟𝑐 − 𝑑𝑓𝑖 ) (7.26)
2

7.4 Experimental Benchmark
Hadi et al. [9] and Hasan et al. [19] experimentally tested GFRP bar reinforced circular
NSC and HSC specimens, respectively, under concentric axial load, eccentric axial load
with different eccentricities and under four-point bending. The specimens tested in Hadi
et al. [9] and in Hasan et al. [19] were 800 mm in height. The specimens tested in Hadi
et al. [9] were 205 mm in diameter and the specimens tested in Hasan et al. [13] were
210 mm in diameter. All the specimens tested in Hadi et al. [9] and in Hasan et al. [19]
were reinforced longitudinally with six #4 (nominal diameter = 12.7 mm) GFRP bars
and transversely with #3 (nominal diameter = 9.5 mm) GFRP helices having a pitch of
60 mm. The compressive strength of the concrete used in casting the specimens tested
in Hadi et al. [9] was 37 MPa, whereas the compressive strength of the concrete used in
casting the specimens tested in Hasan et al. [19] was 85 MPa. The specimens tested in
Hadi et al. [9] and Hasan et al. [19] were considered as experimental benchmarks for the
analytical

investigations

conducted

in

this

study.

Fig.

7.3

compares

the

experiment 𝑃– 𝑀 interaction diagrams of the specimens tested in Hadi et al. [9] and in
Hasan et al. [19] with the analytical 𝑃– 𝑀 interaction diagrams generated using the
ERSB method of ACI 318-14 [22] and the layer-by-layer integration method elaborately
described in the above sections.
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Fig. 7 .3: Experimental versus analytical 𝑃 − 𝑀 interaction diagrams: a) GFRP bar
reinforced NSC column specimens and b) GFRP bar reinforced HSC column specimens
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Comparing the analytical interaction diagrams with the experimental results revealed
that the ACI 318-14 [22] stress block parameters provided reasonable results for GFRP
bar reinforced NSC specimens. However, it was observed that the 𝑃– 𝑀 interaction
diagrams obtained using the ACI 318-14 [22] stress block parameters overestimated the
strength of GFRP bar reinforced HSC specimens in the part of diagram that represents
specimens subjected to axial load with small eccentricities. On the other hand, the
𝑃– 𝑀 interaction diagrams plotted using the layer-by-layer integration method either
coincided with the experimental results or were on the safe side for GFRP bar
reinforced both NSC and HSC specimens. It was observed that the analytical pure
bending moment capacities of the GFRP bar reinforced NSC and HSC specimens were
relatively smaller than the experimental results. This is because the response of the
tested specimens [9, 19] might not be due to the pure bending as the shear span of these
specimens was smaller than twice the effective depth of the concrete cross-section. It
was also observed that under pure flexural load, the differences between the interaction
diagrams plotted using the ACI 318-14 [22] equivalent rectangular stress block method
and the layer-by-layer integration method are negligible.

Since the layer-by-layer integration method provided safer prediction for the axial load
and the bending moment capacities of GFRP bar reinforced columns compared to the
ACI 318-14 [22] equivalent rectangular stress block method, the layer-by-layer
integration method was used in investigating the effect of different parameters on the
performance of GFRP bar reinforced concrete columns under axial and flexural loads.
The following section discusses the outcomes of the parametric study in detail.

7.5 Parametric study
A parametric study was conducted to investigate the effect of different parameters on
the performance of GFRP bar reinforced NSC and HSC columns under axial and
flexural loads. The parameters considered in the parametric study are the compressive
strength of concrete, the reinforcement ratio and the mechanical properties of GFRP
longitudinal bars and the slenderness ratio of the columns.

Based on the column specimens tested in Hadi et al. [9] and Hasan et al. [19], two
reference columns were considered: GFRP bar reinforced NSC and GFRP bar
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reinforced HSC columns. Two compressive strengths were considered: normal strength
concrete with 𝑓𝑐′ = 40 MPa for the reference GFRP bar reinforced NSC column and
high strength concrete with 𝑓𝑐′ = 80 MPa for the reference GFRP bar reinforced HSC
column. The reference columns were considered to be reinforced longitudinally with
GFRP bars with longitudinal reinforcement ratio of 2% and transversely with GFRP
helices with transverse reinforcement ratio of 3%. The tensile modulus of elasticity of
the longitudinal and transverse GFRP reinforcement was assumed to be equal to 67.8
GPa and 76.8 GPa, respectively. Each analytical investigation performed in this
parametric study represents a modification of either the compressive strength of the
concrete, the material properties of the GFRP reinforcement or the column dimensions
from those in the reference columns. Noting that for each new column reported in the
parametric study, only one parameter was changed from those used in the reference
columns. To investigate the effect of the compressive strength of the concrete, the axial
load 𝑃𝑛 and the corresponding bending moment 𝑀𝑛 presented in the parametric study
were normalised as:
𝑃∗ =

𝑃𝑛
𝐴𝑔

(7.27)

𝑀∗ =

𝑀𝑛
𝐴𝑔 ℎ

(7.28)

where 𝐴𝑔 is the gross cross-sectional area (the area of the reinforced concrete core plus
the area of concrete cover) of the column and ℎ is the diameter of the column which is
equal to 2𝑟𝑐 .
7.5.1 Effect of GFRP longitudinal bars in the compression zone of the columns
Since the behaviour of the FRP bars under concentric axial load is complicated, the
CSA S806-12 [20] recommended neglecting the contribution of the FRP bars when
used as longitudinal reinforcement in concrete columns. Also, the ACI 440.1R-15 [21]
provided no guidelines in that regard. In order to investigate the effect of the GFRP
longitudinal bars on the strength capacity of the GFRP bar reinforced circular concrete
columns, three analytical 𝑃∗ − 𝑀∗ interaction diagrams were generated and compared
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with the experimental 𝑃∗ − 𝑀∗ integration diagrams of the specimens tested in Hadi et
al. [9] and Hasan et al. [19] as shown in Fig. 7.4.
In the first analytical 𝑃 ∗ − 𝑀∗ interaction diagram (Analytical 1), the contribution of the
GFRP longitudinal bars located in the compression region of the column cross-section
was included. In the second analytical 𝑃∗ − 𝑀∗ interaction diagram (Analytical 2), the
contribution of the GFRP longitudinal bars located in the compression region of the
column cross-section was neglected and the area of the GFRP bars was substituted by
an equivalent area of concrete, as suggested in Zadeh and Nanni [29]. Replacing the
GFRP longitudinal bars by the same amount of concrete area might underestimate the
exact load sustained by the GFRP longitudinal bars especially for columns tested under
concentric axial load and under eccentric axial load with small eccentricities. In order to
clarify this point, another 𝑃∗ − 𝑀∗ interaction diagram (Analytical 3) was drawn, in
which the GFRP bars located in the compression region of the column cross-section
were ignored and were not substituted by concrete area.

In comparison with the GFRP bar reinforced NSC column specimens tested in Hadi et
al. [9] and the GFRP bar reinforced HSC column specimens tested in Hasan et al. [19],
it was observed that neglecting the contribution of the GFRP bars located in the
compression region of the GFRP bar reinforced NSC and HSC columns, as
recommended in the CSA S806-12 [20] and ACI 440.1R-15 [21], resulted in overly
conservative predictions. It was also found that more rational predictions were obtained
when the contribution of the GFRP bars located in the compression region of the
columns was taken into consideration.
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Fig. 7 .4: Effect of GFRP longitudinal bar in compression zone of GFRP bar reinforced
concrete columns: (a) NSC columns and (b) HSC columns
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7.5.2 Effect of the GFRP longitudinal reinforcement ratio
According to the ACI 318-14 [22], the longitudinal reinforcement ratio in RC columns
should not be less than 1% and should not exceed 8%. However, a maximum
longitudinal reinforcement ratio of 4% was recommended in case the longitudinal bars
of the column are needed to be lap spliced, as the lap splice region will have two times
the longitudinal reinforcement ratio if all lap splices are set at the same location [22].
Therefore, the effect of four GFRP longitudinal reinforcement ratios (𝜌𝑓 = 1%, 2%, 3%
and 4%) on the 𝑃 ∗ − 𝑀∗ interaction diagrams of GFRP bar reinforced circular NSC and
HSC columns were investigated in this study.
Figures 7.5a and 7.5b present the effects of increasing 𝜌𝑓 on the 𝑃∗ − 𝑀∗ interaction
diagrams of GFRP bar reinforced NSC (𝑓𝑐′ = 40 MPa) and HSC (𝑓𝑐′ = 80 MPa)
columns. Fig. 7.6a and Fig. 7.6b show the relationship between the 𝑒/ℎ ratio and the
increase in the axial load carrying capacity of GFRP bar reinforced NSC and HSC
columns due to increasing 𝜌𝑓 which was calculated as:

∆𝑃𝑛,

𝐿𝑅𝑅

(%) =

𝑃𝑛,𝐿𝑅𝑅𝑖 − 𝑃𝑛,𝐿𝑅𝑅1%
𝑃𝑛,𝐿𝑅𝑅1%

(7.29)

where 𝑃𝑛,𝐿𝑅𝑅1% represents the axial load carrying capacity of NSC and HSC columns
with GFRP longitudinal reinforcement ratio of 1% for different 𝑒/ℎ ratios and 𝑃𝑛,𝐿𝑅𝑅𝑖
represents the axial load carrying capacity of NSC and HSC columns with GFRP
longitudinal reinforcement ratio of 2%, 3% or 4% for different 𝑒/ℎ ratios.
Increasing 𝜌𝑓 led to an increase in the axial load carrying capacity of both GFRP bar
reinforced NSC and HSC columns under different loading conditions. It was found that
under concentric axial load (𝑒/ℎ = 0), the improvements in the axial load carrying
capacity due to increasing 𝜌𝑓 were more pronounced in GFRP bar reinforced NSC
columns. Increasing 𝜌𝑓 from 1% to 4% resulted in an increase of 10% and 4.5% in the
axial load carrying capacity of the GFRP bar reinforced NSC and HSC columns,
respectively. This is because the contribution of the GFRP longitudinal bars with
respect to the maximum axial load sustained by the NSC columns was greater than the
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contribution of the GFRP longitudinal bars with respect to the maximum axial load
sustained by the HSC columns. This is attributed to the fact that HSC columns sustained
much greater axial loads than NSC columns.
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Fig. 7 .5: Effect of GFRP longitudinal reinforcement ratio on the 𝑃 ∗ − 𝑀∗ interaction
diagrams of GFRP bar reinforced concrete columns: (a) NSC columns and (b) HSC
columns
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Fig. 7 .6: The effect of increasing GFRP longitudinal reinforcement ratio 𝜌𝑓 on the
relationship between the 𝑒/ℎ ratio and the increase in the nominal axial load carrying
capacity of GFRP bar reinforced concrete columns: (a) NSC columns and (b) HSC
columns
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As the load eccentricity increased (𝑒/ℎ increased) the improvement in the axial load
carrying capacity due to increasing 𝜌𝑓 became approximately the same in both GFRP
bar reinforced NSC and HSC columns as the contribution of GFRP longitudinal bars in
HSC columns became close to the contribution of GFRP longitudinal bars in NSC
columns.
It was also observed that under a high level of loading eccentricity (𝑒⁄ℎ > 0.8),
reducing 𝜌𝑓 leads to high tensile strains in the GFRP longitudinal bars located on the
tension side of the GFRP bar reinforced NSC and HSC columns. Hence, insufficient
𝜌𝑓 might cause a brittle tensile failure in the GFRP bars before the 𝑃∗ − 𝑀∗ interaction
diagrams reach the pure flexural condition. A similar phenomenon was reported in
Choo et al. [2] for GFRP bar reinforced square NSC columns.

7.5.3 Effect of the mechanical properties of GFRP longitudinal bars
Based on the mechanical properties of the GFRP bars used in calculating the
contribution of the GFRP longitudinal bars in the axial load carrying capacity of the
GFRP bar reinforced concrete columns, two approaches were adopted in the previous
research studies. In the first approach, the axial load sustained by the GFRP longitudinal
bars is computed using the ultimate tensile strength of the GFRP bars, 𝛼𝑓 𝑓𝑓𝑢 𝐴𝑓 . In the
second approach, which was considered in this study, the axial load sustained by the
GFRP longitudinal bars is computed using the tensile elastic modulus of the GFRP
bars, 𝜀𝑓 𝐸𝑓 𝐴𝑓 .

According to ACI 440.1R-15 [21], the tensile modulus of elasticity of GFRP bars
ranges between 35 GPa and 51 GPa. However, the specimens tested by Hasan et al. [19]
were reinforced longitudinally with GFRP bars having a tensile modulus of elasticity of
67.8 GPa. Therefore, the effect of the tensile modulus of elasticity of GFRP bars was
investigated in this study considering the lowest value (LV) of tensile modulus of
elasticity of 35 GPa reported in ACI 440.1R-15 [21] and a highest value (HV) of tensile
modulus of elasticity of 70 GPa, which is slightly greater than the value reported in
Hasan et al. [19]. The lowest and the highest values of 𝐸𝑓 considered in this study may
cover almost all the commercially available GFRP bars. Figures 7.7a and 7.7b show the
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effects of changing the value of 𝐸𝑓 on the 𝑃∗ − 𝑀∗ interaction diagrams of GFRP bar
reinforced NSC (𝑓𝑐′ = 40 MPa) and HSC (𝑓𝑐′ = 80 MPa) columns, respectively.
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Fig. 7 .7: Effect of the mechanical properties of GFRP longitudinal bars on the 𝑃∗ −
𝑀∗ interaction diagrams of GFRP bar reinforced concrete columns: (a) NSC columns
and (b) HSC columns
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Figure 7.8 shows the relationship between the 𝑒/ℎ ratio and the increase in the nominal
axial load carrying capacity of GFRP bar reinforced NSC and HSC columns due to
increasing 𝐸𝑓 which was calculated using Eq. 7.30:

∆𝑃𝑛,

𝑀𝑃𝐿𝑅

(%) =

𝑃𝑛,𝐻𝑉 − 𝑃𝑛,𝐿𝑉
𝑃𝑛,𝐿𝑉

(7.30)

where 𝑃𝑛,𝐿𝑉 represents the axial load carrying capacity of NSC and HSC columns
reinforced longitudinally with GFRP bars having 𝐸𝑓 = 35 GPa for different 𝑒/ℎ ratios
and 𝑃𝐻𝑉 represents the axial load carrying capacity of NSC and HSC columns
reinforced longitudinally with GFRP bars having 𝐸𝑓 = 70 GPa for different 𝑒/ℎ ratios.
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Fig. 7 .8: The relationship between the 𝑒/ℎ ratio and the increase in the nominal axial
load carrying capacity of GFRP bar reinforced NSC and HSC columns due to increasing
modulus of elasticity 𝐸𝑓 of the longitudinal GFRP bars
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It was found that under concentric axial load, increasing 𝐸𝑓 of the longitudinal GFRP
bars from 35 GPa to 70 GPa led to an increase of about 5.4% and 3% in the total axial
load carrying capacity of GFRP bar reinforced NSC and HSC columns, respectively. It
was also found that under moderate levels of loading eccentricity (0.3 < 𝑒⁄ℎ < 0.7),
increasing 𝐸𝑓 of the GFRP longitudinal bars resulted in an approximately similar
increase (about 22%) in the axial load carrying capacity of GFRP bar reinforced NSC
and HSC columns (Fig. 7.8). Under a high level of loading eccentricity (𝑒⁄ℎ > 0.7), no
bar rupture was observed in NSC and HSC columns reinforced longitudinally with
GFRP bars having 𝐸𝑓 of 35 GPa or 70 GPa. However, it was found that in the HSC
specimen reinforced longitudinally with GFRP bars having 𝐸𝑓 = 35 GPa and subjected
to pure flexural loads, the tensile strain in the outermost tensile GFRP reinforcement
was about 95% of the rupture strain. Therefore, it is recommended not to reinforce HSC
concrete columns longitudinally with GFRP bars having a low tensile modulus of
elasticity to avoid the brittle tensile failure of the GFRP bars, especially if the columns
are expected to be subjected to a high level of axial load eccentricity.

7.5.4 Effect of the concrete compressive strength
Figure 7.9 shows the effects of increasing the compressive strength of concrete 𝑓𝑐′ on
the 𝑃 ∗ − 𝑀∗ interaction diagrams of GFRP bar reinforced circular concrete columns. As
initially expected, increasing the 𝑓𝑐′ led to an increase in the axial load carrying
capacities and the corresponding bending moments of the GFRP bar reinforced concrete
columns under different loading conditions (different 𝑒/ℎ ratios). Figure 7.10 shows the
relationship between the 𝑒/ℎ ratio and the increase in the nominal axial load carrying
capacity of GFRP bar reinforced concrete columns due to increasing 𝑓𝑐′ , which was
calculated using Eq. 7.31:

∆𝑃𝑛, 𝐶𝐶𝑆 (%) =

𝑃𝑛,𝐶𝐶𝑆𝑖 − 𝑃𝑛,𝐶𝐶𝑆30
𝑃𝑛,𝐶𝐶𝑆30

(7.31)

where 𝑃𝑛,𝐶𝐶𝑆30 represents the axial load carrying capacity of GFRP bar reinforced 30
MPa concrete columns for different 𝑒/ℎ ratios and 𝑃𝑛,𝐶𝐶𝑆𝑖 represents the axial load
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carrying capacity of GFRP bar reinforced concrete columns with concrete compressive
strength of 40, 50, 60, 70 or 80 MPa for different 𝑒/ℎ ratios.
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Fig. 7 .9: Effect of the concrete compressive strength on the 𝑃∗ − 𝑀∗ interaction
diagrams of GFRP bar reinforced concrete columns

The increase in the axial load carrying capacity of the GFRP bar reinforced concrete
columns due to increasing 𝑓𝑐′ was more pronounced in columns subjected to low level of
axial load eccentricity (𝑒/ℎ < 0.2), where the compressive strength of the concrete
mostly dominates the total axial load carrying capacity of the columns. It was also
found that under pure concentric axial load (𝑒/ℎ < 0), increasing 𝑓𝑐′ from 30 MPa to 50
MPa resulted in an increase of about 52% in the maximum axial load sustained by the
GFRP bar reinforced concrete columns. Increasing 𝑓𝑐′ from 30 MPa to 80 MPa resulted
in an increase of about 143% in the maximum axial load sustained by the GFRP bar
reinforced concrete columns. On the other hand, increasing 𝑓𝑐′ from 30 MPa to 80 MPa
resulted in an increase of about 61% in the maximum load sustained by the GFRP bar
reinforced concrete columns subjected to high level of loading eccentricity (𝑒/ℎ = 1).
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Fig. 7 .10: The relationship between the 𝑒/ℎ ratio and the increase in the nominal axial
load carrying capacity of GFRP bar reinforced concrete columns due to increasing
concrete compressive strength, 𝑓𝑐′
The compressive strength of concrete was found to have a smaller effect on the pure
bending moment capacity of the GFRP bar reinforced concrete specimens compared to
the effect of compressive strength of concrete on the concentric axial load carrying
capacity of the columns, especially for GFRP bar reinforced HSC (Fig. 7.9). This is
because the final failure of GFRP bar reinforced concrete specimens under pure flexural
loads is governed by the ultimate concrete compressive strain 𝜀𝑐𝑢 at the extreme
concrete compression fibre of the specimen cross-section.

7.5.5 Effect of the column slenderness
The slenderness ratio, 𝑘𝑙 ⁄𝑟, is usually used in classifying various columns into short,
intermediate and slender columns and it represents the ratio between the effective length
of the column, 𝑘𝑙 , to the radius of gyration of the column, 𝑟. In order to investigate the
effect of the column slenderness, it is often convenient to establish a family of slender
column interaction diagrams.
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Figure 7.11 illustrates a typical eccentrically loaded, pin ended reinforced concrete
column deformed laterally and sustained an additional bending moment due to the
lateral deformation, ∆. For short columns, the effect of the lateral deformation is usually
neglected. Therefore, the relationship between the applied axial load and the
corresponding bending moment experienced by the column is almost linear (𝑀 = 𝑃. 𝑒),
as shown in Line 𝑂 − 𝐴 in Fig. 7.12. However, as the length of the column increases,
the lateral deformation exhibited by the column increases nonlinearly resulting in a
nonlinear amplified bending moment (𝑀 = 𝑃. 𝑒 + 𝑃. ∆), refer to Line 𝑂 − 𝐵1 in Fig.
7.12.

Deformed
shape

Section A-A
Non-deformed
shape

Fig. 7 .11: Schematic of a typical eccentrically loaded, pin ended reinforced concrete
column
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The actual failure of a slender column occurs when the applied axial load and the
corresponding amplified bending moment line of the column intersect the
𝑃 − 𝑀 interaction diagram (Point 𝐵1 in Fig. 7.12). However, the design engineers might
be interested in expressing the failure of a reinforced concrete column in terms of the
applied axial load and the corresponding bending moment at the ends of the column
(Point 𝐴1). Changing the eccentricity of the axial load applied at the ends of the slender
column results in different points on the interaction diagram (𝐴1 and 𝐴2 ), as shown in
Fig 7.12. Consequently, the interaction diagram of a slender column is presented by the
curved line passing through Points 𝐴1 and 𝐴2 . Such curves illustrate the axial loads and
the maximum end bending moments causing the failure of the slender column.

𝑃. ∆

Axial load

𝑃. 𝑒

𝐴
𝐵1

𝐴1
𝐴2

Short
Column

Slender
Column
O

Bending moment

Fig. 7 .12: Typical 𝑃 − 𝑀 interaction diagrams for GFRP bar reinforced short and
slender concrete columns

Broms and Viest [30] and Pfrang and Siess [31] comprehensively investigated the
effects of several parameters on the axial load carrying capacity of slender steel bar
reinforced concrete columns. Broms and Viest [30] and Pfrang and Siess [31] observed
that the most significant parameters affecting the axial load carrying capacity and the
196

`

behaviour of steel bar reinforced hinged slender concrete columns were the slenderness
ratio (𝑘𝑙⁄𝑟 ); the eccentricity of axial loads applied at the ends of column 𝑒1 and 𝑒2 ; the
ratio of the end loading eccentricities (𝑒1 /𝑒2 ); the compressive strength of the
concrete (𝑓𝑐′ ); and steel longitudinal reinforcement ratio (𝜌𝑠 ). In this study, the
behaviour of GFRP bar reinforced hinged slender concrete columns was analytically
investigated considering the GFRP longitudinal reinforcement ratio (𝜌𝑓 ) of 2%. Also, in
this study, the loading eccentricities at the ends of the column specimen 𝑒1 and 𝑒2 were
assumed to be equal (𝑒1 /𝑒2 = 1). The influence of the slenderness ratio (𝑘𝑙⁄𝑟 ),
concrete compressive strength (𝑓𝑐′ ) and the eccentricity of axial loads applied at the
ends of the column are presented graphically in Fig. 7.13. The interaction diagrams in
Fig. 7.13 are plotted in terms of the maximum axial loads and corresponding bending
moments that can be applied at the ends of GFRP bar reinforced concrete columns with
different slenderness ratios.
As expected, increasing the 𝑘𝑙 ⁄𝑟 ratio led to a significant reduction in the axial load
carrying capacity and the corresponding bending moments of the GFRP bar reinforced
both NSC and HSC columns under concentric and eccentric axial loads. Broms and
Viest [30] observed that steel bar reinforced concrete columns with high concrete
compressive strength were found to be more affected by slenderness ratio of the
column. In this study, however, it was observed that GFRP bar reinforced NSC (𝑓𝑐′ =
40 MPa) and HSC (𝑓𝑐′ = 80 MPa) columns experienced an approximately similar
reduction in the maximum axial load sustained by the columns due to increasing the
slenderness ratio of the columns. For example, under pure axial compression load,
increasing the 𝑘𝑙 ⁄𝑟 ratio of the columns from 16 to 80 resulted in a reduction of about
41% and 39% in the maximum axial load of GFRP bar reinforced NSC and HSC
columns, respectively. Further experimental investigations on the behaviour of GFRP
bar reinforced slender concrete columns with different slenderness ratios are needed to
ascertain the analytical observations reported in this study.
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Fig. 7 .13: Effect of slenderness ratio 𝑘𝑙 ⁄𝑟 on 𝑃∗ − 𝑀∗ interaction diagrams of GFRP
bar reinforced concrete columns: (a) NSC columns and (b) HSC columns
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7.6 Conclusions
In this study, the behaviour of GFRP bar reinforced NSC and HSC columns were
analytically investigated. Experimental data from available literature were used as
benchmarks for the analytical investigations performed in this study. In addition, the
effect of different parameters (i.e., the compressive strength of concrete, mechanical
properties and the reinforcement ratio of GFRP bars and the slenderness ratio of the
column) on the axial and flexural response of the GFRP bar reinforced NSC and HSC
columns were analytically examined. Based on the analytical investigations carried out
in this study, the following conclusions are drawn:
1. Under concentric axial load, the improvements in the axial load carrying capacity of
GFRP bar reinforced concrete columns due to increasing GFRP longitudinal
reinforcement ratio were more pronounced in NSC columns than in HSC columns.
However, as the axial load eccentricity increased, the improvement in the axial load
carrying capacity due to increasing GFRP longitudinal reinforcement ratio became
approximately the same in both GFRP bar reinforced NSC and HSC columns.
2. The NSC and HSC concrete columns reinforced longitudinally with GFRP bars
having small reinforcement ratio or low tensile modulus of elasticity might
experience a brittle tensile failure of the GFRP bars located on the tension side of the
columns cross-sections, especially if the columns are subjected to high level of axial
load eccentricities.
3. Under concentric axial load, increasing the compressive strength of the concrete
from 30 MPa to 80 MPa led to an increase of about 143% in the maximum axial load
sustained by the GFRP bar reinforced concrete columns. However, the improvement
in the axial load carrying capacity of the GFRP bar reinforced concrete columns
significantly decreased when columns were under high level of axial load
eccentricities.
4. The GFRP bar reinforced NSC and HSC columns experienced an approximately
similar reduction in the maximum axial load sustained by the columns due to
increasing the slenderness ratio, 𝑘𝑙 ⁄𝑟, of the columns. Further experimental
investigations on the behaviour of GFRP bar reinforced slender concrete columns
with different slenderness ratios are required to ascertain the analytical observations
reported in this study.
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The analytical investigations reported in this study reveals that GFRP bars can be used
as longitudinal reinforcements to enhance the performance of concrete columns under
axial and flexural loads. In addition, ignoring the contribution of the GFRP longitudinal
reinforcement may lead to an overly conservative estimation for the maximum axial
load sustained by GFRP bar reinforced concrete columns.
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Preamble
The structural behaviour of GFRP bar reinforced NSC and HSC columns were further
investigated in this chapter using the moment-curvature relationships. Firstly, an
analytical approach was developed to establish the moment-curvature behaviour of
GFRP bar reinforced NSC and HSC concrete columns, taking into consideration the
stress-strain constitutive models of the individual components of the GFRP bar
reinforced column (unconfined concrete cover, confined concrete core and GFRP
reinforcing bar). The developed analytical procedure was then verified against the
experimental results of GFRP bar reinforced HSC column specimens reported in
Chapter Three of this thesis and GFRP bar reinforced NSC column specimens taken
from the available literature. Subsequently, the analytical procedure, developed in this
chapter, was used in performing a parametric study to investigate the effect of different
parameters on the moment-curvature behaviour of the GFRP bar reinforced NSC and
HSC columns. The following sections discuss the development of the analytical
procedure and the outcomes of the parametric study in greater details.
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8.1 Abstract
A numerical integration approach was developed to investigate the moment-curvature
behaviour of Glass Fibre-Reinforced Polymer (GFRP) bar reinforced circular normalstrength concrete (NSC) and high-strength concrete (HSC) columns. The results
obtained from the developed integration approach were validated with the experimental
results of eight GFRP bar reinforced circular concrete column specimens. Out of these
eight specimens, four specimens were cast with NSC having a compressive strength of
37 MPa and four specimens were cast with HSC having a compressive strength of 85
MPa. A parametric study was carried out to investigate the effect of concrete
compressive strength and GFRP longitudinal and transverse reinforcement ratios on the
moment-curvature behaviour of the GFRP bar reinforced NSC and HSC circular
columns under combined axial and flexural loads. The results of the parametric study
indicate that increasing the concrete compressive strength or GFRP longitudinal
reinforcement ratio leads to an increase in the bending moment capacity and a decrease
in the ductility of GFRP bar reinforced concrete columns. The confinement provided by
the GFRP helices (transverse reinforcement) improves both the bending moment
capacity and the ductility of the GFRP bar reinforced circular concrete columns. The
improvement in the performance (bending moment and ductility) due to increasing the
GFRP transverse reinforcement ratio was greater in the GFRP bar reinforced NSC
columns than in the GFRP bar reinforced HSC columns.

8.2 Introduction
During the last few decades, a vast amount of research was conducted on the materials
used in the construction industry. Based on the recent research investigations, FibreReinforced Polymer (FRP) reinforcing bars have emerged as promising alternatives to
the steel reinforcing bars. The FRP reinforcing bars offer several advantageous
characteristics such as low self-weight and high tensile strength, in addition to the
resistance to corrosion in harsh environments. Reinforcing concrete structural members
with FRP reinforcing bars has been practiced over the last few decades1-3. The
significant need for replacing steel reinforcing bars in concrete members stems from the
harmful effects of the concrete cancer (corrosion of steel reinforcement) in structures
located in coastal areas and severe climatic conditions4, 5.
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The mechanical properties of the FRP reinforcement differ from the mechanical
properties of the conventional steel reinforcement. The FRP bars do not experience a
yield plateau unlike steel bars. The FRP bars exhibit a linear elastic behaviour until
rupture. Glass-FRP (GFRP) bars, in particular, have a lower compressive strength and
lower elastic modulus than the steel bars. However, GFRP bars have much higher
tensile strength compared to the conventional steel bars. Although there are differences
in the mechanical properties between the FRP bars and the steel bars, the implications
of using FRP bars in reinforcing flexural concrete members are well understood due to
the extensive research studies carried out over the last two decades6, 7. Based on the
experimental and analytical observations reported in the literature, several design codes
for the design of FRP bar reinforced concrete flexural members have been developed
(CAN/CSA S806-128 and ACI 440.1R-159). However, the current design codes do not
provide any recommendations for the design of concrete compression members
reinforced longitudinally with FRP bars due to the lack of adequate research studies on
the behaviour of GFRP bar reinforced concrete columns. Hence, the behaviour of
concrete compression members reinforced longitudinally with FRP bars and
transversely with FRP ties, hoops or helices has been the subject of the recent research
investigations10-14.

It was observed from a comprehensive literature review that most of the previous
research studies experimentally investigated the behaviour of FRP bar reinforced square
and circular concrete columns under axial and flexural loads. These studies mainly
investigated the effects of replacing steel bars with GFRP bars and also investigated the
contribution of GFRP bars in the axial load carrying capacity of the concrete columns.
The performance of FRP bar reinforced concrete columns was analytically investigated
in a limited number of research studies. Choo et al.15 developed a methodology to
calculate the minimum FRP bar reinforcement ratio required to avoid the brittle tensile
rupture of the FRP bars in the concrete columns subjected to pure bending loads. Tobbi
et al.16 introduced two groups of equations to estimate the ultimate confined concrete
strength and the corresponding strain for FRP bar reinforced concrete columns. Afifi et
al.2 proposed a set of equations to predict the stress-strain behaviour of GFRP bar
reinforced NSC circular columns under concentric axial loads.
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Even though the performances of FRP bar reinforced concrete columns were
analytically investigated in the previous studies, there were no attempts to analytically
investigate the moment-curvature behaviour of the FRP bar reinforced NSC and HSC
columns under combined loading (axial load and bending moment). In this study, an
analytical approach was proposed to investigate the moment-curvature behaviour of
GFRP bar reinforced NSC and HSC columns based on the current analytical tools and
analytical considerations used for conventional steel bar reinforced concrete columns.

8.3 Research significance
This study presents a numerical integration approach for the moment-curvature analysis
of GFRP bar reinforced circular NSC and HSC columns. The developed numerical
integration approach takes into consideration the stress-strain behaviour of unconfined
concrete cover, confined concrete core and GFRP reinforcing bars. A parametric study
is also conducted to investigate the effects of different parameters on the behaviour of
the GFRP bar reinforced circular NSC and HSC columns. The analytical observations
reported in this study can contribute to the better understanding of the response of
GFRP bar reinforced NSC and HSC columns under combined axial and flexural loads.

8.4 Material stress-strain behaviour
In general, GFRP bar reinforced concrete columns can be broadly divided into three
main components: (i) concrete cover (unconfined concrete), (ii) concrete core (confined
concrete) and (iii) GFRP longitudinal bars (Fig. 8.1).

Fig. 8 .1: Main components of GFRP bar reinforced concrete columns
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Each of these components contributes in sustaining the applied axial loads. The
following sections introduce the analytical models used for each component to establish
and evaluate the moment-curvature behaviour of GFRP bar reinforced circular NSC and
HSC columns.

8.4.1 Concrete cover
In this study, the behaviour of the concrete cover was modelled using the unconfined
concrete stress-strain model (Eq. 8.1 - Eq. 8.3) proposed in Yang et al.17. The
unconfined concrete model proposed in Yang et al.17 is applicable to a wide range of
unconfined concretes in compression having concrete compressive strengths ranging
between 10 and 180 MPa (1.5 and 26.1 ksi) and concrete densities ranging between
1200 and 4500 kg/m3 (75 and 280 Ib/ft3).

𝑓𝑐 =

(𝛽 + 1)(𝜀𝑐 ⁄𝜀𝑐𝑜 ) ′
𝑓
𝛽 + (𝜀𝑐 ⁄𝜀𝑐𝑜 )𝛽+1 𝑐𝑜

(8.1)

𝛽 = 0.20 exp(0.73𝜉) for 𝜀𝑐 ≤ 𝜀𝑐𝑜

(8.2a)

𝛽 = 0.41 exp(0.77𝜉) for

(8.2b)

𝜀𝑐 > 𝜀𝑐𝑜

′ ⁄
𝜉 = (𝑓𝑐𝑜
10)0.67 (2300⁄𝜔𝑐 )1.17

(8.3)

where 𝑓𝑐 is the axial stress of the unconfined concrete at any concrete axial strain, 𝜀𝑐 ; 𝛽
is a key parameter that governs the slope of the ascending and the descending branches
′
of the unconfined concrete stress-strain behavior; 𝑓𝑐𝑜
is the unconfined concrete strength

taken equal to 85% of the 28-day cylinder concrete compressive strength, 𝑓𝑐′ ; 𝜀𝑐𝑜 is the
unconfined concrete strain corresponding to the unconfined concrete compressive
strength. The 𝜀𝑐𝑜 was calculated using Eq. 8.4, according to Yang et al.17. The elastic
modulus of the concrete, 𝐸1 , was determined using Eq. 8.5 and the density of the
concrete, 𝜔𝑐 , was taken equal to 2300 kg/m3 (144 Ib/ft3), as recommended in Yang et
al.17.
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′ ⁄ )
𝜀𝑐𝑜 = 0.0016 exp(240 𝑓𝑐𝑜
𝐸1

(8.4)

′ )0.33 (𝜔 ⁄
1.17
𝐸1 = 8470(𝑓𝑐𝑜
𝑐 2300)

(8.5)

8.4.2 Concrete core
Samaan et al.18 effectively considered the stiffness of the restraining mechanism in
developing a comprehensive stress-strain model for concrete confined with FRP
composites using only one equation. The stress-strain behaviour of the confined
concrete proposed in Samaan et al.18 was adopted herein (Eq. 8.6 - Eq. 8.8) to model the
behaviour of the confined concrete core.

𝑓𝑐 =

(𝐸1 − 𝐸2 ) 𝜀𝑐
[1 + (

𝑛 1⁄𝑛

+ 𝐸2 𝜀𝑐

for

𝜀𝑐 > 𝜀𝑐𝑐

𝐸1 − 𝐸2
𝜀𝑐 ) ]
𝑓𝑜
𝑓𝑐 = 0

𝐸2 =

for

𝜀𝑐 ≤ 𝜀𝑐𝑐

𝑓𝑐𝑐′ − 𝑓𝑜
𝜀𝑐𝑐

(8.6)

(8.7)

(8.8)

The 𝐸1 (defined in Eq. 8.5) represents the slope of the first ascending branch of the
stress-strain behaviour of the confined concrete, which solely depends on the strength of
the unconfined concrete, 𝐸2 (defined in Eq. 8.8) represents the slope of the second
ascending branch of the stress-strain behaviour of the confined concrete and 𝑓𝑜 is the
intersection point between the stresses axis (Y-axis) and the linear trend line of the
second ascending branch of the confined concrete stress-strain behaviour. The 𝑓𝑜 can be
′
taken equal to 𝑓𝑐𝑜
according to Lam and Teng19. The 𝑛 represents the curve-shape

parameter calculated using Eq. 8.9 and Eq. 8.10, as proposed in Karim et al.14.
𝑛 = 0.4 𝑒 0.35𝑥

𝑥=

𝐸1 − 𝐸2
𝑓𝑜

0.45
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(8.9)
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The compressive strength of the confined concrete, 𝑓𝑐𝑐′ , and the corresponding axial
strain 𝜀𝑐𝑐 were calculated using Eq. 8.11 - Eq. 8.13 (Karim et al.14).
′
𝑓𝑐𝑐′ = 𝑘𝑐 𝑓𝑐𝑜

(8.11)

𝜀𝑐𝑐 = 𝑘𝑐2 𝜀𝑐𝑜

(8.12)

𝑘𝑐 =

′
𝑓𝑐𝑜
+ 5𝑓1
′
𝑓𝑐𝑜 + 0.5𝑓1

(8.13)

where 𝑘𝑐 is the confinement coefficient factor and 𝑓1 is the lateral confinement pressure
which can be calculated for GFRP helices using Eq. 8.14 (Karim et al.14).

𝑓1 =

𝜋𝑑𝑏2 𝑘𝜀 𝑓𝑓𝑏
2𝑑𝑐 𝑠

(8.14)

where 𝑑𝑐 is the diameter of the confined concrete core enclosed by the centreline of the
GFRP helices, 𝑑𝑏 is the diameter of the GFRP helices and 𝑠 is the pitch of the GFRP
helices. The 𝑓𝑓𝑏 is the bent tensile strength of the GFRP helices which was calculated
using Eq. 8.15, as recommended in the ACI 440.1R-159.

𝑓𝑓𝑏 = (0.05

𝑟𝑏
) 𝑓 ≤ 𝑓𝑓𝑢
𝑑𝑏 𝑓𝑢

(8.15)

where 𝑟𝑏 is the inner radius of the GFRP helices (Fig. 8.1) and 𝑓𝑓𝑢 represents the
ultimate tensile strength of the straight GFRP bars.
The term 𝑘𝜀 in Eq. 8.14 represents the ratio between the hoop rapture strain to the
ultimate tensile strain of the confining GFRP helices. The value of 𝑘𝜀 was taken equal
to 0.33, as proposed in Karim et al.14.

8.4.3 GFRP longitudinal bars
According to the experimental observations reported in a considerable number of
research studies, the stress-strain behaviour of the FRP bars is linearly elastic up to the
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failure20-22. Hence, the stress in the GFRP longitudinal bars at different stages of loading
can be calculated using Eq. 8.16.

𝑓𝑓,𝑏𝑎𝑟 = 𝜀𝑐 𝐸𝑓,𝑏𝑎𝑟 for 𝜀𝑐 ≤ 𝜀𝑐𝑐

(8.16)

where 𝑓𝑓,𝑏𝑎𝑟 is the tensile stress in the GFRP longitudinal bars and 𝐸𝑓,𝑏𝑎𝑟 is the tensile
elastic modulus of the GFRP bars.

8.5 Moment-curvature behaviour
The moment-curvature analysis was carried out for GFRP bar reinforced circular NSC
and HSC columns using the stress-strain behaviour for the unconfined concrete cover,
confined concrete core and GFRP longitudinal bars, as described in the above section.
The analytical considerations and the analytical procedure adopted to derive the
moment-curvature behaviour for GFRP bar reinforced circular concrete columns were
described below.

8.5.1 Analytical considerations
The theory of flexure for steel bar reinforced concrete members is based on several
basic assumptions, which are fundamental to calculate the bending moment resistance
of steel bar reinforced concrete members under flexural loads. It was reported that these
assumptions might be applicable to GFRP bar reinforced concrete members4, 23. Hence,
similar assumptions were adopted to analytically generate the moment-curvature
behaviour for GFRP bar reinforced circular NSC and HSC columns under increasing
moments. The adopted assumptions are:
1. The strength of the concrete in tension is neglected.
2. A perfect bond exists at the interfaces between the concrete and the embedded GFRP
bars.
3. The axial strain in the concrete, 𝜀𝑐 , and the axial strain in GFRP reinforcing bars, 𝜀𝑓 ,
are equal at any point.
4. Plane sections orthogonal to the axis of bending remain plane after bending.

Based on the fourth assumption above, the strain in the GFRP bars and the strain along
the cross-section of the columns are proportional to the neutral axis depth, 𝑐. If the
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neutral axis depth and the ultimate concrete compressive strain at the extreme concrete
compression fibre, 𝜀𝑐𝑢 , are known, the strain in each GFRP bar, 𝜀𝑓𝑖 , can be determined
using Eq. 8.17.
𝜀𝑓𝑖 = (1 −

𝑑𝑓𝑖
) 𝜀𝑐𝑢
𝑐

(8.17)

where 𝑑𝑓𝑖 is the distance from the center of each GFRP bar to the extreme concrete
compression fiber of the column cross-section, which can be calculated as:
𝑑𝑓𝑖 = 0.5 [1 − 𝛾𝑐𝑜𝑠

2𝜋
(𝑖 − 1)] ℎ
𝑚

(8.18)

where 𝛾 is a ratio computed by dividing the distance between the center of the GFRP
bar in the extreme compression region of the column and the center of the GFRP bar in
the extreme tension region of the column with the diameter of the column. The 𝑚 is the
total number of the GFRP longitudinal bars. Since 𝜀𝑓 = 𝜀𝑐 , as in the third adopted
assumption, the forces in each GFRP bar, 𝐹𝑓𝑖 , can be calculated using Eq. 8.19.
𝐹𝑓𝑖 = 𝐸𝑓 𝜀𝑓𝑖 𝐴𝑓𝑖

(8.19)

where 𝐴𝑓𝑖 is the cross-sectional area of the 𝑖 𝑡ℎ GFRP bar

The compressive force in the concrete was determined using the layer-by-layer
integration technique which has been widely used to analyse reinforced concrete
members. First, the cross-section of the GFRP bar reinforced circular concrete column
was divided into 𝑛 number of small horizontal concrete strips 𝑠𝑖 parallel to the neutral
axis (Fig. 8.2). In this study, the depth of each concrete strip 𝑡𝑠𝑖 was taken equal to 0.5
mm. The average width of the 𝑖 𝑡ℎ strip of the concrete core was calculated using Eq.
8.20 and the average width of the 𝑖 𝑡ℎ strip of the concrete cover was calculated using
Eq. 8.21.

𝑏𝑐𝑜𝑟𝑒,𝑠𝑖 = 0 for

𝑑𝑐
ℎ
1
≤ | − (𝑖 − ) 𝑡𝑠𝑖 |
2
2
2
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𝑏𝑐𝑜𝑟𝑒,𝑠𝑖

= 2 × √(

2
𝑑𝑐 2
ℎ
1
) − ( − (𝑖 − ) 𝑡𝑠𝑖 ) for
2
2
2

𝑏𝑐𝑜𝑣𝑒𝑟,𝑠𝑖

𝑑𝑐
ℎ
1
> | − (𝑖 − ) 𝑡𝑠𝑖 | (8.20b)
2
2
2

2
ℎ 2
ℎ
1
= 2 × √( ) − ( − (𝑖 − ) 𝑡𝑠𝑖 ) − 𝑏𝑐𝑜𝑟𝑒,𝑠𝑖
2
2
2

(8.21)

The concrete strain at the centre of each concrete strip can be calculated as:
1 𝑡𝑠𝑖
𝜀𝑐,𝑠𝑖 = [1 − (𝑖 − ) ] 𝜀𝑐𝑢
2 𝑐

(8.22)

By substituting the concrete strain in each concrete strip obtained from Eq. 8.22 into Eq.
8.1 and Eq. 8.6, the unconfined and the confined concrete stresses can be determined.
Eventually, the compressive force in each concrete strip located in the compression
region can be calculated as:

where

𝐹𝑐𝑜𝑟𝑒,𝑠𝑖 = 𝑓𝑐,𝑠𝑖 𝑏𝑐𝑜𝑟𝑒,𝑠𝑖 𝑡𝑠𝑖

(8.23)

𝐹𝑐𝑜𝑣𝑒𝑟,𝑠𝑖 = 𝑓𝑐,𝑠𝑖 𝑏𝑐𝑜𝑣𝑒𝑟,𝑠𝑖 𝑡𝑠𝑖

(8.24)

𝐹𝑐𝑜𝑟𝑒,𝑠𝑖 is the compressive force in the 𝑖 𝑡ℎ strip of the concrete core and

𝐹𝑐𝑜𝑣𝑒𝑟,𝑠𝑖 is the compressive force in the 𝑖 𝑡ℎ strip of the concrete cover. For an assumed
strain distribution, the nominal axial load capacity 𝑃𝑛 is the summation of the axial
forces (Eq. 8.25). The nominal moment capacity 𝑀𝑛 can be calculated by summing the
moments of all the internal forces at the centroid of the column cross-section (Eq. 8.26).
𝑃𝑛 = ∑

𝑀𝑛 = ∑

𝑛

(𝐹𝑐𝑜𝑟𝑒,𝑠𝑖 + 𝐹𝑐𝑜𝑣𝑒𝑟,𝑠𝑖 ) + ∑

𝑖=1

𝑚
𝑖=1

𝐹𝑓𝑖

(8.25)

𝑚
ℎ
1
ℎ
(𝐹𝑐𝑜𝑟𝑒,𝑠𝑖 + 𝐹𝑐𝑜𝑣𝑒𝑟,𝑠𝑖 ) ( − (𝑖 − ) 𝑡𝑠𝑖 ) + ∑ 𝐹𝑓𝑖 ( − 𝑑𝑓𝑖 ) (8.26)
2
2
2
𝑖=1
𝑖=1
𝑛
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Fig. 8 .2: Stress-strain profile of GFRP bar reinforced concrete column cross-section
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When a reinforced concrete column subjected to an axial load 𝑃 with an initial
eccentricity 𝑒𝑖 , the cross-section of the column is supposed to sustain a combination of
axial load and bending moment. This combination of axial load and bending moment
results from the initial eccentricity of the applied axial load at the ends of the column
and the lateral deformation experienced by the column due to the curvature along its
height (Fig. 8.3). The bending moment at the mid-height of the column 𝑀𝑚𝑖𝑑 can be
determined using Eq. 8.27.

𝑀𝑚𝑖𝑑 = 𝑃(𝑒𝑖 + ∆𝑚𝑖𝑑 )

(8.27)

where ∆𝑚𝑖𝑑 represents the lateral deformation at the mid-height of the column.
The deformed shape of a pin-ended column subjected to an eccentric axial load can be
assumed to be a half sine wave24. Therefore, the maximum deformation is located at the
mid-height of the column (Fig. 8.3).
Hence, the ∆𝑚𝑖𝑑 can be determined as:
∆𝑚𝑖𝑑 = (𝐿⁄𝜋)2 ∅𝑚𝑖𝑑

(8.28)

∅𝑚𝑖𝑑 = 𝜀𝑐𝑢 ⁄𝑐

(8.29)

where 𝐿 is the height of the column and ∅𝑚𝑖𝑑 is the curvature at the mid-height of the
column.
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Deformed shape

Non-deformed
shape

Fig. 8 .3: Typical single curvature deformation of a pin-ended concrete column
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8.5.2 Development of moment-curvature behaviour
A computer program was developed to draw the analytical moment-curvature behaviour
for the GFRP bar reinforced circular NSC and HSC column using MATLAB25. The
determination of the moment-curvature behaviour is summarized, with the aid of Fig.
8.4, in the following steps:
1. Select a small depth of the concrete strips, 𝑡𝑠𝑖 . In order to achieve reasonably
accurate predictions, the 𝑡𝑠𝑖 needs to be taken no more than 1% of the diameter of the
column. In this study, the depth of the concrete strips was taken equal to 0.5 mm.
2. Select a small initial concrete strain at the extreme concrete compression fibre in the
compression region. In this study, the initial value of the concrete strain, 𝜀𝑐 , was
taken as 0.0002 mm/mm.
3. Select an initial neutral axis depth, 𝑐. The initial 𝑐 is preferred to be between 15% 20% of the diameter of the column.
4. Determine the width (𝑏𝑐𝑜𝑟𝑒,𝑠𝑖 and 𝑏𝑐𝑜𝑣𝑒𝑟,𝑠𝑖 ) of the concrete strips.
5. Determine, from the linear strain distribution, the concrete strain 𝜀𝑐,𝑠𝑖 , concrete stress
𝑓𝑐,𝑠𝑖 and consequently the force 𝐹𝑐,𝑠𝑖 in each concrete strip.
6. Determine the distance from the centre of each GFRP bar to the extreme concrete
compression fibre of the column cross-section 𝑑𝑓𝑖 , the strain 𝜀𝑓𝑖 and eventually the
force 𝐹𝑓𝑖 in each GFRP bar.
7. Determine the nominal axial load capacity, 𝑃𝑛 , nominal moment capacity, 𝑀𝑛 , lateral
deformation, ∆𝑚𝑖𝑑 , and curvature at the mid-height of the column, ∅𝑚𝑖𝑑 , using the
equations presented in the above sections.
8. Check for the error using Eq. 8.30:
𝑒𝑟𝑟𝑜𝑟 =

|𝑒𝑖 + ∆𝑚𝑖𝑑 − 𝑀𝑛 ⁄𝑃𝑛 |
× 100
𝑒𝑖 + ∆𝑚𝑖𝑑

(8.30)

If the computed error is greater than 2%, increase 𝑐 by a small amount equal to the
value of 𝑡𝑠𝑖 and repeat Steps 4-7 until the computed error becomes smaller than 2%.
9. Increase the value of 𝜀𝑐 by a small amount ∆𝜀𝑐 and repeat Steps 3-7 until the value
of 𝜀𝑐 reaches 𝜀𝑐𝑢 . In this study, the value of ∆𝜀𝑐 was taken as 0.0002 mm/mm.
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Fig. 8 .4: Flowchart of developed analytical model for the moment-curvature behavior
of GFRP bar reinforced concrete columns

8.6 Experimental verification
The moment-curvature diagrams for the GFRP bar reinforced circular NSC and HSC
columns obtained based on the analytical considerations and the numerical integration
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approach developed in this study were compared with moment-curvature behaviour of
GFRP bar reinforced circular concrete column specimens experimentally tested by the
authors in previous research studies (Hadi et al.26 and Hadi et al. 27). Eight eccentrically
loaded GFRP bar reinforced circular concrete column specimens were selected. Out of
these eight circular column specimens, four circular column specimens were cast with
NSC having a compressive strength of 37 MPa and four circular column specimens
were cast with HSC having a compressive strength of 85 MPa. Table 8.1 presents the
dimensions and the reinforcement configuration of the selected column specimens. The
labels of the column specimens tested in Hadi et al.26 was modified according the labels
of the column specimens tested in Hadi et al.27 for consistency. Each specimen was
given a label, which consists of a series of letters and numbers. The first letter in each
specimen label refers to the type of the concrete used in casting the specimen, where
"N" refers to normal strength concrete (NSC) and "H" refers to high strength concrete
(HSC). The second letter "G" refers to the GFRP reinforcement. The first number in
each specimen label stands for the pitch of the transverse helices. The last letter and the
followed number stand for the applied load eccentricity, where "E25" and "E50" refer to
the 25 mm (0.98 in.) eccentric axial load and 50 mm (1.96 in.) eccentric axial load,
respectively.

Figure 8.5 compares the analytical and the experimental moment-curvature curves for
the GFRP bar reinforced circular NSC and HSC columns. Reasonably good correlations
can be observed between the analytical and experimental results, especially for the
column specimens reinforced transversally with GFRP helices having a 60 mm (2.36
in.) pitch because the assumption of full composite action between concrete core and
cover was achieved due to a reasonably large pitch of the GFRP helices. This
assumption was not completely achieved in the specimens with a 30 mm (1.18 in.) pitch
of GFRP helices because of the small spacing of transverse reinforcement, which led to
a reduction in the composite action between concrete core and cover. Nonetheless, the
analytical approach developed in this study well captured the bending moment and the
corresponding curvature of all the column specimens reinforced transversally with
GFRP helices having a 30 mm (1.18 in.) pitch as shown in Fig. 8.5.
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Table 8.1: Details of the GFRP bar reinforced NSC and HSC column specimens
Specimen

Reinforcement
Type

Longitudinal
reinforcement
No. and size

NG60E25a
NG60E50a
NG30E25a
NG30E50a
HG60E25b
HG60E50b
HG30E25b
HG30E50b
a

GFRP

GFRP

6 No. 4 (12.7 mm)

6 No. 4 (12.7 mm)

Transverse reinforcement
Size

Helix pitch (mm)

No. 3 (9.5 mm)

60
60
30
30

No. 3 (9.5 mm)

60
60
30
30

Data from Hadi et al.26; and b Data from Hadi et al.27 (Note: 1 mm =0.039 in. and 1 MPa = 0.145 ksi)
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Compressive
strength of
concrete 𝒇′𝒄
(MPa)

Applied axial load
eccentricity
(mm)

37

25
50
25
50

85

25
50
25
50
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Comparison between experimental and analytical moment-curvature behavior of GFRP bar reinforced NSC and HSC column

specimens (Note: 1 mm =0.039 in. and 1 kN.m = 8.85 kip.in.)
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8.7 Parametric Study
The developed analytical procedure was used to perform a parametric study to
investigate the effects of different parameters on the moment-curvature behavior of
GFRP bar reinforced NSC and HSC columns. Several parameters (concrete
compressive strength, GFRP longitudinal reinforcement ratio and the GFRP
confinement ratio) were considered to provide comparisons and additional insight on
the response of the GFRP bar reinforced NSC and HSC columns under combined axial
and flexural loads.

The curvature ductility (energy absorption capability) is considered one of the principal
measurements to assess the structural performance of reinforced concrete columns
under combined axial and flexural loads. The curvature ductility was used in this study
to provide further perception of how the parameters considered in this study influence
the response of the GFRP bar reinforced NSC and HSC columns. The curvature
ductility was determined based on the area under the moment-curvature curves of the
columns, where the ductility represents the ratio of the area under the 𝑀 − ∅ curve up to
the ultimate curvature, ∅𝑢 , to the area under the 𝑀 − ∅ curves up to the yield
curvature, ∅𝑦 .

In this study, two alternative approaches were adopted for locating the yield
curvature, ∅𝑦 . For GFRP bar reinforced concrete columns having a definite peak
bending moment, ∅𝑦 represents the curvature corresponding to the intersection point
between the horizontal line drawn from the peak bending moment and the straight line
that passes the origin and the point representing the 0.75 times the peak bending
moment (Fig. 8.6a). A similar definition was considered in Foster and Attard 28 for
eccentrically loaded columns. For GFRP bar reinforced concrete columns having no
clear peak bending moment, but continual ascending 𝑀 − ∅ curves, the yield curvature
was defined without referring to a peak bending moment. To allow a smooth transition
for the yield curvature from the case of 𝑀 − ∅ curves with a definite peak bending
moment (this mainly happens with GFRP bar reinforced HSC columns) to the case of
𝑀 − ∅ curves without definite peak bending moment (this might happen with GFRP bar
reinforced NSC columns), the yield curvature ∅𝑦 should coincide in both cases. Hence,
in this study, the yield curvature was defined as the intersection point of the best fit
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tangent line for the first ascending part (linear part) of the 𝑀 − ∅ curves with the
tangent line for the second ascending part of the 𝑀 − ∅ curves (Dong et al.29) as shown

Bending moment

in Fig. 8.6b.

The peak reprecents the
maximum bending moment

𝑀𝑚𝑎𝑥
0.75𝑀𝑚𝑎𝑥

∅𝑦

∅𝑢

Bending moment

Curvature

𝑀𝑚𝑎𝑥
Tangent Line

Tangent Line

∅𝑦

Curvature

∅𝑢

Fig. 8 .6: Definition of yield curvature: (a) for columns with a definite peak bending
moment and (b) for columns with no definite peak bending moment
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8.7.1 Effect of concrete compressive strength on the moment-curvature behaviour
Changes in the compressive strength of the concrete caused major effects on the
moment-curvature behaviour of the columns. Fig. 8.7 shows the influence of five
different concrete compressive strengths (30, 40, 50, 60 and 80 MPa) (4.35, 5.8, 7.2,
8.7, 10.15 and 11.6 ksi) on the 𝑀 − ∅ behaviour of GFRP bar reinforced concrete
columns. In general, the behaviour of the GFRP bar reinforced NSC columns can be
considered bilinear without a well-recognized peak bending moment or a descending
branch. As the concrete strength increases (𝑓𝑐′ ≥ 50 MPa (7.2 ksi)), the columns tend to
show a definite peak bending moment followed by a steep reduction in the bending
moment capacities which became steeper with the increase of the concrete compressive
strength (Fig. 8.7). This is because HSC exhibits lower lateral dilation (lateral
expansion) than NSC due to a relatively higher modulus of elasticity of the HSC which
significantly influences the confinement efficiency of the transverse GFRP
reinforcement.

80

Bending moment (kN.m)

60

40

30
𝑓𝑐′ = 30 MPa
40
𝑓𝑐′ = 40 MPa

20

𝑓𝑐′ = 50 MPa
50
𝑓𝑐′ = 60 MPa
60
𝑓𝑐′ = 80 MPa
80

0
0

40

80

Curvature x

120

10-6

160

200

(mm-1)

Fig. 8 .7: Effect of concrete compressive strength on the moment-curvature behaviour of
GFRP bar reinforced concrete columns (Note: 1 mm =0.039 in. and 1 kN.m = 8.85
kip.in.)
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Generally, an increase in the concrete compressive strength causes a significant increase
in the moment capacity of the columns. It was observed that the curvature at peak
bending moment, for columns with a definite peak bending moment, decreases with an
increase in the compressive strength of the concrete. This might be attributed to the
modulus of elasticity of the concrete, which governs the ascending part of the 𝑀 − ∅
behaviour for the GFRP bar reinforced NSC and HSC columns. Moreover, increasing
the concrete strength led to a substantial decrease in the curvature of the columns at
failure. Consequently, GFRP bar reinforced HSC columns experienced a lower level of
ductility compared to the GFRP bar reinforced NSC columns, where the ductility of the
GFRP bar reinforced 80 MPa (11.6 ksi) concrete column was about 75% lower than the
ductility of the GFRP bar reinforced 30 MPa (4.35 ksi) concrete column.

8.7.2 Effect of longitudinal reinforcement ratio on the moment-curvature
behaviour
Figures 8.8a and 8.8b show the influence of the longitudinal reinforcement ratio on the
moment-curvature behaviour of GFRP bar reinforced NSC and HSC columns. Four
different GFRP longitudinal reinforcement ratios (𝜌𝑓 = 1%, 2%, 3% and 4%) were
considered. The GFRP longitudinal reinforcement ratio does not markedly affect the
overall trend of the 𝑀 − ∅ behavior of the columns. In general, all GFRP bar reinforced
NSC and HSC columns exhibited a linear ascending 𝑀 − ∅ behavior regardless the
ratio of the GFRP longitudinal reinforcement. The GFRP bar reinforced HSC columns
experienced a reduction in the bending moments after reaching the peak bending
moment. In contrast, GFRP bar reinforced NSC columns experienced no well-defined
peak bending moment but a continual increase in the 𝑀 − ∅ behavior, which becomes
more noticeable as the GFRP longitudinal reinforcement ratio increases from 1% to 4%
(Fig. 8.8).
It was observed that increasing the 𝜌𝑓 led to an increase in the strength capacity
(bending moment capacity) of both GFRP bar reinforced NSC and HSC columns. The
improvement in the bending moment capacity was computed as the ratio between the
maximum bending moment of the columns reinforced longitudinally with 𝜌𝑓 of 2%, 3%
and 4% to the maximum bending moment of column reinforced longitudinally with
𝜌𝑓 of 1%. The improvement in the bending moment capacity varied between 13% and
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41% for GFRP bar reinforced 40 MPa (5.8 ksi) concrete columns and between 4% and
12% for GFRP bar reinforced 80 MPa (11.6 ksi) concrete columns.
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Fig. 8 .8: Effect of GFRP longitudinal reinforcement ratio on the moment-curvature
behaviour of GFRP bar reinforced: (a) 40 MPa concrete columns and (b) 80 MPa
concrete columns (Note: 1 mm = 0.039 in. and 1 kN.m = 8.85 kip.in.)
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However, the improvement in the bending moment capacity was not proportional to the
GFRP reinforcement ratio 𝜌𝑓 for both GFRP bar reinforced NSC and HSC columns. For
example, for GFRP bar reinforced 40 MPa (5.8 ksi) concrete columns, the increase in
the bending moment capacity when 𝜌𝑓 increased from 1% to 2% was 13%, while the
increase in the bending moment capacity when 𝜌𝑓 increased from 3% to 4% was 10%.
Similarly, for GFRP bar reinforced 80 MPa (11.6 ksi) concrete columns, the increase in
the bending moment capacity when 𝜌𝑓 increased from 1% to 2% was 4%, whereas the
increase in the bending moment capacity when 𝜌𝑓 increased from 3% to 4% was 3.5%.
In addition, it was observed that increasing 𝜌𝑓 from 1% to 4% resulted in an
improvement of about 41% and 12% in the bending moment capacities of GFRP bar
reinforced NSC columns and HSC columns, respectively. The improvement in the
bending moment capacities of the columns due to increasing 𝜌𝑓 was more pronounced
in the GFRP bar reinforced NSC columns than in the GFRP bar reinforced HSC
columns. However, the ductility of both GFRP bar reinforced NSC and HSC columns
was reduced by increasing the amount of GFRP longitudinal reinforcement. This might
be attributed to the fact that increasing the ratio of GFRP longitudinal reinforcement
increases the bending stiffness of the columns.

8.7.3 Effect of confinement ratio on the moment-curvature behaviour
′
Figure 8.9 shows the effect of the GFRP confinement ratio, 𝑓1 ⁄𝑓𝑐𝑜
, on the 𝑀 − ∅

behaviour of GFRP bar reinforced NSC and HSC columns. The lower curve in Fig. 8.9
represents four GFRP bar reinforced 40 MPa (5.8 ksi) concrete columns and the upper
curve in Fig. 8.9 represents four GFRP bar reinforced 80 MPa (11.6 ksi) concrete
columns. All the columns are reinforced with GFRP longitudinal reinforcement ratio 𝜌𝑓
′
of 2%, but with four different confinement ratios ( 𝑓1 ⁄𝑓𝑐𝑜
= 0.1, 0.2, 0.3 and 0.4).

It was observed that for both GFRP bar reinforced 40 MPa (5.8 ksi) and 80 MPa (11.6
′
ksi) concrete columns, the GFRP confinement ratio 𝑓1 ⁄𝑓𝑐𝑜
had no significant effect on

the initial part of the 𝑀 − ∅ behaviour. However, the effect of the GFRP confinement
ratio became more pronounced in the post-peak part of the 𝑀 − ∅ behaviour for
columns with a definite peak bending moment (GFRP bar reinforced 80 MPa (11.6 ksi)
concrete columns) and in the second ascending part for columns with no clear peak
bending moment (GFRP bar reinforced 40 MPa (5.8 ksi) concrete columns).
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Fig. 8 .9: Effect of GFRP confinement ratio on the moment-curvature behaviour of
GFRP bar reinforced NSC and HSC columns (Note: 1 mm =0.039 in. and 1kN.m = 8.85
kip.in.)

Figure 8.9 clearly shows that confining concrete columns with GFRP helices can
significantly enhance the performance of the concrete columns in terms of the strength
and ductility. It was observed that the greater the confinement ratio of the GFRP
transverse reinforcement, the greater the gain in the ductility and the maximum bending
moment capacity of the columns.
′
It can be observed that increasing the GFRP confinement ratio, 𝑓1 ⁄𝑓𝑐𝑜
, from 0.1 to 0.2,

0.3 and 0.4 led to an increase in the maximum bending moment capacity of GFRP bar
reinforced 40 MPa (5.8 ksi) concrete columns of about 12%, 26% and 45%,
′
respectively. On the other hand, increasing the GFRP confinement ratio, 𝑓1 ⁄𝑓𝑐𝑜
, from

0.1 to 0.2 showed no significant improvement in the maximum bending moment
capacity of the GFRP bar reinforced 80 MPa (11.6 ksi) concrete columns. However,
GFRP bar reinforced 80 MPa (11.6 ksi) concrete columns confined transversely with
′
GFRP confinement ratio, 𝑓1 ⁄𝑓𝑐𝑜
, of 0.3 and 0.4 showed about 18% and 40%,

respectively, improvement in the bending moment capacity compared to the maximum
230

`

bending moment capacity of GFRP bar reinforced 80 MPa (11.6 ksi) concrete column
′
confined transversely with GFRP confinement ratio, 𝑓1 ⁄𝑓𝑐𝑜
, of 0.1.

It can be clearly observed that the increase in the bending moment capacities achieved
by GFRP bar reinforced 40 MPa (5.8 ksi) concrete columns confined transversely with
′
GFRP confinement ratio, 𝑓1 ⁄𝑓𝑐𝑜
, of 0.2, 0.3 and 0.4 was greater than the increase in the

bending moment capacities achieved by GFRP bar reinforced 80 MPa (11.6 ksi)
′
concrete columns confined transversely with GFRP confinement ratio, 𝑓1 ⁄𝑓𝑐𝑜
, of 0.2,

0.3 and 0.4, respectively. This might be attributed to the high deformability of the NSC
compared to the HSC, which resulted in a greater confinement pressure on the
transverse GFRP reinforcement in the NSC columns. For the same reason, it was
′
observed that GFRP bar reinforced 80 MPa (11.6 ksi) concrete columns with 𝑓1 ⁄𝑓𝑐𝑜
of

0.1, 0.2, 0.3 and 0.4 experienced about 46%, 41%, 32% and 27% lower ductility
′
compared to GFRP bar reinforced 40 MPa (5.8 ksi) concrete columns with 𝑓1 ⁄𝑓𝑐𝑜
of

0.1, 0.2, 0.3 and 0.4, respectively.

8.8 Summary and conclusions
In this study, a numerical integration approach was developed and used to analytically
investigate the moment-curvature behaviour of GFRP bar reinforced circular NSC and
HSC columns specimens under combined axial and flexural loads. A detailed
parametric study was carried out considering three different parameters: compressive
strength of concrete, longitudinal GFRP reinforcement ratio and GFRP confinement
ratio. Based on the analytical results, the following conclusions can be drawn:
1. Generally, the moment-curvature behaviour of the GFRP bar reinforced NSC
columns can be considered bilinear with no definite peak bending moment and no
descending branch. However, as the compressive strength of the concrete increases,
the columns tend to show a definite peak bending moment followed by a drop in the
bending moment capacities.
2. Increasing the compressive strength of concrete led to a substantial increase in the
bending moment capacities of the columns. However, GFRP bar reinforced NSC
columns experienced a greater level of ductility compared to the corresponding
GFRP bar reinforced HSC columns.
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3. Increasing the GFRP longitudinal reinforcement ratio resulted in an increase in the
bending moment capacity of both GFRP bar reinforced NSC and HSC columns.
However, NSC and HSC columns reinforced with a higher ratio of GFRP
longitudinal reinforcement experienced a lower level of ductility. This is because
increasing the ratio of the GFRP longitudinal reinforcement increase the bending
stiffness of the columns
4. The confinement provided by the GFRP helices can significantly enhance the
performance of the GFRP bar reinforced NSC and HSC columns in terms of the
bending moment capacity and the ductility. But, the gain in the performance
(strength and ductility) resulted from increasing the GFRP confinement ratio was
greater in the GFRP bar reinforced 40 MPa (5.8 ksi) concrete columns than that of
the GFRP bar reinforced 80 MPa (5.8 ksi) concrete columns.
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9. Chapter Nine: Summary, Conclusions and Recommendations
for Future Research Studies
9.1 Summary
The main objective of this study was to investigate the structural behaviour and the
overall performance of Glass Fibre-Reinforced Polymer (GFRP) bar reinforced high
strength concrete (HSC) and steel fibre high strength concrete (SFHSC) column
specimens under different loading conditions. The mechanical properties (compressive
strength, flexural strength, splitting tensile strength and direct tensile strength) of the
concrete used in constructing the GFRP bar reinforced HSC and SFHSC column
specimens were firstly determined. The direct tensile strength capacity of HSC and
SFHSC was obtained using a direct tensile testing method developed in this study.
Afterwards, a total of 20 steel and GFRP bar reinforced circular HSC and SFHSC
column specimens, divided into five main groups were cast and experimentally tested in
the laboratories of the School of Civil, Mining and Environmental Engineering in the
University of Wollongong, Australia. The effect of several parameters on the behaviour
of the GFRP bar reinforced HSC and SFHSC column specimens were investigated. The
main parameters considered in this study were the reinforcing materials (steel and
GFRP), the loading condition (concentric and eccentric axial loads and four-point
bending), the ratio of transverse GFRP reinforcement and the effect of adding steel
fibres.

A theoretical equation was proposed in this study, based on the experimental results of
this study and the experimental results reported in other studies available in the
literature, to safely and efficiently predict the maximum axial load carrying capacity of
concrete columns reinforced with different types of FRP reinforcement under axial
compression. In addition, a numerical integration method was proposed to establish and
to assess the load-moment-curvature characteristics of GFRP bar reinforced concrete
columns in general and HSC and SFHSC columns in particular. Parametric studies were
also carried out to analytically investigate the effect of different parameters (i.e.
concrete compressive strength, GFRP longitudinal and transverse reinforcement ratios
and the slenderness ratio of the columns) on the behaviour of GFRP bar reinforced
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concrete columns under axial and flexural loads. The following sections summarise the
main conclusions of this study and the recommendations for future research studies.

9.2 Conclusions
Based on the experimental and analytical investigations, the following conclusions can
be drawn:
1.

Direct tensile testing method for concrete was developed in this study to overcome
the major deficiencies in the existing methods currently used in testing concrete
under uniaxial tension. The developed direct tensile testing method was found to be
efficient in testing different types of concrete.

2.

The failure of the steel bar reinforced HSC specimens was initiated by the buckling
of the longitudinal steel bars and then the rupture of the longitudinal steel bars or
the steel helices resulted in the total failure of the specimens. The failure of GFRP
bar reinforced HSC specimens was controlled by the rupture of both the
longitudinal GFRP bars and the GFRP helices, whereas the failure of the GFRP bar
reinforced SFHSC specimens was mainly attributed to the rupture of the GFRP
helices.

3.

The direct replacement of the longitudinal and transverse steel reinforcement with
the same amount of GFRP reinforcement did not influence the axial load carrying
capacity of the HSC specimens under concentric axial load. However, GFRP bar
reinforced HSC specimens experienced about 10% and 12% lower axial load
carrying capacity than the steel bar reinforced HSC specimens as a result of
changing the loading condition from concentric axial load to 25 and 50 mm
eccentric axial load, respectively.

4.

It was observed that under concentric axial load, GFRP bar reinforced SFHSC
specimen sustained similar or slightly greater axial load than steel bar reinforced
HSC specimen. It was also observed that GFRP bar reinforced SFHSC specimens
experienced a reduction in the axial load carrying capacity under eccentric axial
loads (combined axial load and bending moment) due to the combined stresses in
the cross-section of the specimens. However, the axial load carrying capacities of
the eccentrically loaded GFRP bar reinforced SFHSC specimens were still greater
than the axial load carrying capacity of the steel bar reinforced HSC specimens.
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5.

Under concentric axial load, the contribution of the GFRP longitudinal bars in the
total axial load carrying capacity of GFRP bar reinforced HSC and SFHSC
specimens at the first peak load was about 6.5%. On the other hand, the
contribution of the steel longitudinal bars in the total axial load carrying capacity of
steel bar reinforced HSC specimens at the first peak load was about 13.6%.

6.

Under concentric axial load, replacing the steel reinforcement with the same
amount of GFRP reinforcement in HSC specimens resulted in about 30% reduction
in the ductility of the specimen, whereas GFRP bar reinforced SFHSC specimens
experienced almost similar ductility compared to the conventional steel bar
reinforced HSC specimen.

7.

Under eccentric axial loads, it was found that the ductility of GFRP bar reinforced
HSC and SFHSC specimens was greater than the ductility of the HSC specimens
reinforced with the same amount of steel reinforcement.

8.

Reducing the pitch of the GFRP helices can contribute in a significant improvement
in the performance of GFRP bar reinforced HSC and SFHSC specimens in terms of
failure modes, axial load carrying capacity, confinement efficiency and ductility.
However, closely spaced GFRP helices might lead to an early spalling of the
concrete cover which can lead to lower than anticipated maximum axial load
carrying capacity of the specimens.

9.

The efficiency of the GFRP helices in confining concrete columns was found to be
better than the efficiency of the steel helices. However, the confinement efficiency
of the GFRP helices decreases with an increase in the axial load eccentricity.

10. The present study proposes a theoretical equation to be used in predicting the
maximum axial load carrying capacity of FRP bar reinforced concrete columns. In
the proposed equation, the contribution of the FRP longitudinal bars was computed
based on the axial strain and the stiffness of the FRP longitudinal bars. An
empirical equation based on the concrete compressive strength was adopted in
computing the axial strain in the FRP longitudinal bars at the maximum axial load
carrying capacity of the FRP reinforced concrete columns. The proposed equation
was validated using a large set of experimental data available in the literature.
Compared to the experimental data, the equation proposed in this study provided
non-conservative but rather safe predictions.
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11. The analytical investigations showed that the stress block parameters of the ACI
318-14 [1] overestimated the axial load carrying capacity and the corresponding
bending moment of the GFRP reinforced HSC and SFHSC specimens under axial
load with small eccentricities. On the other hand, the stress block parameters in AS
3600-09 [2] and CSA A23.3-14 [3] provided safe predictions for the axial loads and
the corresponding bending moments for GFRP bar reinforced both HSC and
SFHSC specimens under different loading conditions.
12. The parametric study showed that under concentric axial load, increasing the
compressive strength of the concrete from 30 MPa to 80 MPa led to an increase of
about 143% in the maximum axial load sustained by the GFRP bar reinforced
concrete columns. However, the improvement in the axial load carrying capacity of
the GFRP bar reinforced concrete columns significantly decreased when the
columns were under high level of axial load eccentricities.
13. Normal and high strength concrete columns reinforced longitudinally with GFRP
bars having small reinforcement ratio or a low tensile modulus of elasticity might
experience a brittle tensile failure of the GFRP bars located on the tension side of
the columns cross-sections, especially if the columns are subjected to high level of
axial load eccentricities.
14. Generally, the moment-curvature behaviour of the GFRP bar reinforced NSC
columns can be considered bilinear with no definite peak bending moment and no
descending branch. However, as the compressive strength of the concrete increases,
the columns tend to show a definite peak bending moment followed by a drop in
the bending moment capacities.
15. The GFRP bar reinforced NSC and HSC columns experienced an approximately
similar reduction in the maximum axial load sustained by the columns due to
increasing the slenderness ratio, 𝑘𝑙 ⁄𝑟, of the columns. Further experimental
investigations on the behaviour of GFRP bar reinforced slender concrete columns
with different slenderness ratios are required to ascertain the analytical observations
reported in this study.
16. Finally, the experimental and the analytical investigations reported in this study
revealed that GFRP bars can be used as longitudinal reinforcement to enhance the
performance of concrete columns under axial and flexural loads. In addition,
ignoring the contribution of the GFRP longitudinal reinforcement may lead to an
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overly conservative estimation for the maximum axial load sustained by GFRP bar
reinforced concrete columns.

9.3 Recommendations for future research studies
Based on the research finding in this study, the following recommendations for future
research studies have been identified.
1. Experimental and analytical investigations on the structural behaviour of GFRP and
CFRP bar reinforced hollow square and circular concrete columns under different
loading conditions are recommended to be performed in the future.
2. Experimental and analytical investigations on the structural behaviour of hollow
square and circular concrete columns internally reinforced with different types of
FRP bars and externally confined with different types of FRP sheets are also
recommended to be performed in the future.
3. The structural behaviour of solid and hollow concrete columns reinforced with
hollow FRP bars are also recommended to be conducted in future research studies.
4. The effect of the compressive strength of concrete on the structural behaviour of
GFRP and CFRP bar reinforced hollow square and circular concrete columns under
different loading conditions is also recommended to be investigated in future
research studies.
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1. Abstract
This study explores a new procedure to determine the stress-strain behaviour of
Self-Compacting Concrete (SCC) under direct uniaxial tension. Special steel claws were
designed, built and installed at both ends of 100 × 100 × 500 mm SCC specimens.
These claws were used to transfer the applied tensile forces to the specimens. The crosssection of the specimens was reduced in the middle to ensure that failure would occur in
the middle. The specimens were tested at 28 days for direct tensile stress-strain
behaviour as well as for compressive, splitting and flexural strengths. The test results
showed that there was no slippage or fracture at the ends of any of the specimens. Also,
the failure occurred in the middle of specimens, as expected. The direct tensile strength
of the specimens was found to be lower than the splitting and flexural strengths.

2. Introduction
The mechanical properties of Self-Compacting Concrete (SCC) have been extensively
studied over past few years [1-6]. However, only few studies investigated the direct
tensile stress-strain behaviour of the SCC. This is mainly attributed to the difficult test
setup and the proper execution of the experiments. Perfect alignment, secondary flexure,
slippage and high stress-concentration at the ends of specimen due to gripping are
considered the main factors that affect the direct tensile testing of the concrete [7-11].
Accordingly, the direct tensile strength is usually calculated based on the test results
obtained from splitting tensile strength or flexural strength using conversion factors.
However, it was reported that these conversion factors might not be applicable for SCC
[12]. Understanding the direct tensile stress-strain behaviour of the SCC is significantly
important, as it affects the deflections, cracking, shear and bonding behaviours of
reinforced concrete elements constructed with SCC. This paper proposes a new test
setup to determine the direct tensile testing of the SCC.

3. Description of experimental program
The mix proportion of the Self-Compacting Concrete (SCC) used in this study is shown
in Table 1. The standard mechanical properties including compressive strength, splitting
tensile strength, flexural strength (modulus of rupture) and modulus of elasticity under
compression as well as the uniaxial direct tensile strength of the SCC were determined.
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Table 1: Mix proportion of the SCC used in this study
Material
Cement
Fly ash
Slag
Fine aggregate
Coarse aggregate
Water
High Range Water Reducer
Water/Powder ratio

Quantity
280 kg/m3
120 kg/m3
50 kg/m3
950 kg/m3
780 kg/m3
182 kg/m3
3.375 l/m3
0.4/1 m3

The compressive strength of the concrete was determined by testing three cylinders of
100 mm in diameter and 200 mm in height according to AS 1012.9 [13]. The indirect
tensile strength (Brazil or splitting test) of the SCC was obtained by testing three
cylinders of 150 in diameter and 300 mm in height according to AS 1012.10 [14]. The
flexural strength (modulus of rupture) of the specimens was determined by testing three
100 × 100 × 500 mm prisms under four point loading according to AS1012.11 [15].
The concrete modulus of elasticity under compression was obtained by testing three
cylinders of 150 in diameter and 300 mm in height according to AS 1012.17 [16]. The
direct tensile testing of the SCC specimens was carried out according to the procedure
developed in this study, which has been fully explained below.

4. Direct tensile test setup and loading
Wooden boxes of 100 × 100 mm in cross-section and 500 mm in length were used as
formwork for the specimens. Two gripping claws were embedded in both ends of the
box which extend 125 mm in the specimen, as shown in Fig. 1. The claws were made
from 20 mm diameter threaded rod which had four 8 mm diameter pins welded at 90
degrees with spacing of 20 mm, as shown in Fig. 2. In order to keep the claws level and
aligned within the formwork, a washer was welded to the threaded rod inside the box,
whilst a nut and a washer were used on the outside to dismantle the box formwork.
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Fig. 1: Details of direct tensile testing of SCC specimen

Fig. 2: The claw designed for direct tensile testing of SCC specimen

To induce failure in the middle of the specimen, two pieces of timber triangles with a
base of 20 mm and a height of 10 mm were glued inside the wooden box vertically at
the middle on the opposite sides, as shown in Figs. 1 and 3.
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Fig. 3: Completed formwork for the casting of the SCC specimens

In order to test the specimens, the universal Instron testing machine at the School of
Civil, Mining and Environmental Engineering, University of Wollongong, was used. To
successfully apply axial tensile loading in the specimen, two universal joints were
designed to hold the ends of specimens by the machine. The universal joint allows
movement of the specimen at both ends in order to align the specimen vertically
between the jaws of the machine, as shown in Fig. 4. Also, the joints overcome any
defects in misalignment of the claws during the casting of the specimen. One of the
universal joint ends had a diameter suitable for the gripping jaws of the testing machine,
whilst the other end had a welded nut which could be screwed onto the test specimen
claws. The developed universal joints were used for all the specimens. To ensure
adequate safety, the lower half of the specimen was lightly held in place using a strap to
prevent the sudden fall after failure.
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Fig. 4: Universal joints designed for direct tensile testing of SCC specimen

Displacement controlled tensile loading have a significant influence on the overall
stress-strain behaviour of the specimen. Yan and Lin [17] observed that the peak strain
within a sample increased with the increase in the loading rate. The increase in the
applied strain rate also affects the tensile stress, Young’s modulus, Poisson’s ratio and
ultimate strain. In this study, strain rate of 6 × 10−6 𝜀/𝑠 was used to test the specimens.
This rate is within the range of strain rates applied by Yan and Lin [17] and Chen et al.
[18]. To measure the strain within each specimen, two 120 mm long strain gauges were
attached in the middle on the opposite flat sides.

5. Results
As predicted, failure of all specimens occurred in the middle where the cross section
was reduced by 20%, as shown in Fig. 5. Reduction of the cross-sectional area of the
specimens resulted in increasing the stress in the middle of the specimens, which
induced a consistent failure in the middle. The reduction of the cross-section also
prevented the failure to occur at undesirable locations along the length of the specimen.
No concrete cracking occurred at the ends of the specimens, as the designed claws
created a strong and evenly distributed bond between the claws and the concrete. In
combination with the universal joints, proper alignments were achieved avoiding end
crushing and slippage.
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Fig. 5: Failure mode of specimens

Table 2 summarises the mechanical properties of the SCC obtained from standard tests
and direct tensile tests. Three specimens were tested to observe the direct tensile stressstrain behaviour of the SCC, as shown in Fig. 6.

Table 2: Summary of testing results for SCC
Type of test

Standard tests

Specimens

Compressive strength (28 days)

AS 1012.9 [13]

S1
56.5

Indirect tensile strength
(Brazil or splitting test)

AS 1012.10 [14]

3.7

Flexural strength
(modulus of rupture)

AS 1012.11 [15]

Modulus of elasticity
(compressive stress-strain test)

AS 1012.17 [16]

Modulus of elasticity
(direct tensile stress-strain test)

Procedure developed
in this study

Direct tensile strength

Procedure developed
in this study
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S2
57

S3
-

Average
result
57 MPa

3.78 3.87

3.8 MPa

6

6.39

7.1

6.5 MPa

29.5

30

31

30 GPa

19.5 20.4

21

20 GPa

3.4

3.6

3.5 MPa

3.49
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The difference between the maximum and minimum values of the direct tensile strength
of the SCC specimens was 5.8%. It was observed that the direct tensile strength of the
SCC is less than the flexural strength (modulus of rupture) and splitting tensile
strengths. The average direct tensile strength of the SCC was found to be 3.5 MPa,
while the average flexural strength and splitting tensile strength were found to be 6.5
MPa and 3.8 MPa, respectively. The lower value of the direct tensile strength compared
to the splitting and flexural strengths was similar to the observation reported in Wee et
al. [9] for normal strength concrete.

The direct tensile strength of the SCC specimens tested based on the designed and
developed test setup was approximately equal to 90 percent of the splitting tensile
strength, which is consistent with AS 3600-09 [19] and EC 2 [20]. The average result of
the direct tensile strength was also compared with the model in CEB-FIB [21]. The
experimental direct tensile strength of the SCC was within the limits specified in the
CEB-FIB [21]. The predicted value of the direct tensile strength according to CEB-FIB
[21] was found to be only 0.5 MPa higher than the experimental value.

Fig. 6: Direct tensile stress-strain behaviour of the SCC specimens

It is noted that the main objective of this paper is to develop a test procedure to
determine the stress-strain behaviour of the SCC under direct uniaxial tension. The
development of correlation equations for the direct tensile strength of different types of
SCC is beyond the scope of this paper.
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The modulus of elasticity of the SCC was calculated using the slope of direct tensile
stress-strain curves, Figure 6. The average modulus of elasticity in direct tension was
found to be 20 GPa, which was equal to the two-thirds of the modulus of elasticity in
compression. The average maximum direct tensile load carried by the specimens was 28
kN with corresponding axial deformation of 1.24 mm, as shown in Fig. 7.

Fig. 7: Axial load-axial deformation behaviour of the SCC specimens under uniaxial
tension

6 Conclusions
From the results of the experimental program carried out in this study it was concluded
that, firstly, the developed experimental setup was adequate in ensuring that specimens
failed in the middle where the cross-sectional area was reduced by 20%. Secondly, due
to adequate gripping, slippage and flexural induced cracking did not occurred during
loading. Thirdly, the average direct tensile strength of the SCC was found to be less
than the average flexural strength (modulus of rupture) and splitting tensile strength.
Similarly, the modulus of elasticity in direct tension was found to be two-thirds of the
modulus of elasticity in compression. Finally, the developed procedure for applying
direct tensile strength to the SCC was found to be effective and efficient. Further
research is needed to apply the developed procedure to determine the direct tensile
strength of other types of concrete.
250

`

References
[1] Persson, B., (2001), “A comparison between mechanical properties of selfcompacting concrete and the corresponding properties of normal concrete,”
Cement and Concrete Research, Vol. 31, No. 2, pp. 193-198.
[2] Holschemacher, K. and Klug, Y., (2002), “A database for the evaluation of hardened
properties of SCC,” Lacer, No. 7, pp. 123-134.
[3] Holschemacher, K., (2004), “Hardened material properties of self-compacting
concrete,” Journal of Civil Engineering and Management, Vol. 10, No. 4, pp.
261-266.
[4] EFNARC (2005), “The European guidelines for self-compacting concrete:
Specification, production and use,” the European Federation of Specialist
Construction Chemicals and Concrete Systems, <www.efnarc.org>, pp. 1-63.
[5] Domone, P., (2007), “A review of the hardened mechanical properties of selfcompacting concrete,” Cement and Concrete Composites, Vol. 29, No. 1, pp. 112.
6] Aslani, F. and Nejadi, S., (2012), “Mechanical properties of conventional and selfcompacting concrete: An analytical study,” Construction and Building
Materials, Vol. 36, pp. 330-347.
[7] Van Mier, J., and Van Vliet, M., (2002), “Uniaxial tension test for the determination
of fracture parameters of concrete: State of the art,” Engineering Fracture
Mechanics, Vol. 69, No. 2, pp. 235-247.
[8] Wee, T., Lu, H., and Swaddiwudhipong, S., (2000), “Tensile strain capacity of
concrete under various states of stress,” Magazine of Concrete Research, Vol.
52, No. 3, pp. 185-193.
[9] Swaddiwudhipong, S., Lu, H., and Wee, T., (2003), “Direct tension test and tensile
strain capacity of concrete at early age,” Cement and Concrete Research, Vol.
33, No. 12, pp. 2077-2084.
[10] Choi, S., Yang, K., Sim, J., and Choi, B., (2014), “Direct tensile strength of
lightweight concrete with different specimen depths and aggregate sizes,”
Construction and Building Materials, Vol. 63, pp. 132–141.
[11] Roziere, E., Cortas, R., and Loukili, A., (2015), “Tensile behaviour of early age
concrete: New methods of investigation,” Cement and Concrete Composites,
vol. 55, pp. 153-161.
251

`

[12] Desnerck, P., Boel, V., Craeye, B., and Itterbeeck, P. V., (2014), “Mechanical
properties of self-compacting concrete,” in K Khayat and G De Schutter (eds.),
State-of-the-Art Report of RILEM Technical Committee 228-MPS, Springer,
pp.15-71.
[13] AS (Australian Standards), (2014), “Methods of testing concrete – Method 9:
Determination of the compressive strength of concrete specimens,” AS 1012.914, Sydney, NSW.
[14] AS (Australian Standards), (2000), “Methods of testing concrete – Method 10:
Determination of indirect tensile strength of concrete cylinders (‘Brazil’ or
splitting test),” AS 1012.10-2000, Sydney, NSW.
[15] AS (Australian Standards), (2000), “Methods of testing concrete – Method 11:
Determination of the modulus of rupture,” AS 1012.11-2000, Sydney, NSW.
[16] AS (Australian Standards), (1997), “Methods of testing concrete – Method 17:
Determination of the static chord modulus of elasticity and Poisson’s ratio of
concrete specimens,” AS 1012.17-97, Sydney, NSW.
[17] Yan, D., and Lin, G., (2006), “Dynamic properties of concrete in direct tension,”
Cement and Concrete Research, Vol. 36, pp. 1371–1378.
[18] Chen, X., Wu, S., Zhou, J., Chen, Y., and Qin, A., (2013), “Effect of testing
method and strain rate on stress-strain behavior of concrete,” Journal of
Materials in Civil Engineering, Vol. 25, No. 11, pp. 1752-1761.
[19] AS (Australian Standards), (2009), “Concrete structures,” AS 3600-09, Sydney,
NSW.
[20] EC 2 (Eurocode), (2004), “Design of concrete structures,” European Committee for
Standardization, EN 1992-1-1: Part 1-1, 225 pp.
[21] CEB-FIB, (2010), Bulletin 55-Model Code 2010-First completed draft, Vol. 1, 292
pp.

252

